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Abstract 

A two flavor color sextet quark sector added to QCD yields the uniquely 
unitary Critical Pomeron at high energy while also producing electroweak sym- 
metry breaking. In this paper it is argued that a number of experimental 
phenomena in Cosmic Ray and hadron collider physics can be interpreted as 
evidence for the sextet sector, as follows. 

1. The majority of UHE cosmic rays are Dark Matter sextet neutrons that 
are strongly interacting at high energy but appear as WIMPs at low energy. 

2. The cosmic ray spectrum knee reflects both an incoming sextet neutron 
threshold and a proton production threshold for sextet states. 

3. The enhancement of high multiplicities and small p± at the LHC is related 
to a sextet generated triple pomeron coupling. 

4- Tevatron and LHC events with a Z pair and a high multiplicity of small 
p± particles are associated with sextet electroweak symmetry breaking. 

5. Top quark production is via the r]Q sextet quark pseudoscalar resonance - 
interference with the background will produce an asymmetry. 

6. Longitudinal Z pairs, produced as sextet pions, provide a high mass excess 
cross-section that includes the % at the tt threshold mass. 

7. Enhanced W pair production would produce an excess in the W+dijet 
cross-section. 

Combining the sextet sector and the electroweak interaction without short- 
distance anomalies requires QUD - a unique underlying weak coupling massless 
SU(5) gauge theory. Remarkably, it appears that the Standard Model might be 
reproduced (in a radical conceptual change) by the QUD bound-state S-Matrix. 
Infra-red divergent gauge bosons coupled to massless fermion anomalies produce 
a "wee parton vacuum" that confines the elementary fermions. All S-Matrix 
particles have dynamically generated masses, with sextet baryons as the only 
new particles - beyond the Standard Model. Anomaly color factors produce 
large sextet amplitudes and there is no Higgs boson. 
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1. Introduction 



There are a significant number of results from Cosmic Ray experiments that 
suggest the existence of new strong interaction physics at very high energy. In this 
paper[l], I will propose an explanation for these results via a two flavor color sextet 
quark sector of QCD and will argue that elements of the same physics have also been 
seen at the Tevatron and at the LHC. The sextet sector not only complements (very 
naturally) the familiar triplet sector but also dramatically changes the dynamics of 
QCD in a manner that already has substantial experimental support. 

The explanations I give, for a variety of disparate phenomena, imply that 
physics "Beyond the Standard Model" is very different to what has been generally 
anticipated, both theoretically and experimentally. Cosmic rays provide insight into 
a very high energy, low luminosity, strong interaction kinematic regime that is widely 
assumed to be orthogonal to the high luminosity, rare new physics, focus of the LHC. 
However, if the physics to be discovered is as I describe, a significantly different LHC 
program may ultimately be required. There is no new short-distance physics at the 
electroweak scale, contrary to the focus of all planning. Instead, there is a new QCD 
strong interaction that negates the fundamental assumption of a clear separation 
between "interesting new large pj_ physics" and "uninteresting small p± physics" that 
has been the basic justification for high luminosity LHC running. 

Theoretically, the most important new element is the necessary introduction 
of QUD''" - a unique [2, 3] underlying weak coupling massless SU(5) gauge theory. 
Amazingly, this theory lies in a "conformal window" but has a bound-state S-Matrix 
that might provide an aesthetically and philosophically appealing, if paradigm chang- 
ing, origin for the Standard Model. A remarkably economic dynamical unification of 
the strong and electroweak interactions results from a combination of gauge boson 
high-energy infra-red divergences and massless fermion anomalies. In QCD there is 
confinement and chiral symmetry breaking, that coexists with both a Regge pole 
pomeron and the parton model (in contrast to conventional QCD), as well as large 
cross-sections for the high mass sextet sector. In addition, a very different understand- 
ing of the third quark generation connects top quark production to a pseudoscalar 
sextet quark resonance, the rje, that should also appear in the Z pair cross-section. 

Experimentally, given the recent negative search results that are now al- 
most complete, the most important feature is that there is no "Higgs boson" to be 
discovered^ at the LHC. Instead, the reggeon diagram construction of the high-energy 
S-Matrix (outlined in [3]) implies that all the particles are bound-states with dynami- 

'''Quantum Uno/Unification/Uniquo/Unitary/Undcrlying Dynamics. 

^As it relates to the and the rje is the "sextet Higgs" . It is, perhaps, already discovered via 
top quark production - with an asymmetry due to pseudoscalar interference with the background ! 
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cally generated masses^ (including neutrinos). The spectrum has the Standard Model 
form, with the only new states being the sextet quark baryons that play a vital role in 
my explanation of cosmic ray phenomena. In particular, sextet neutrons (that I call 
neusons) provide a very special form of dark matter. I will argue that neusons are 
strongly interacting as very high energy cosmic rays but behave as standard WIMPs 
at low energy. 

Electroweak symmetry breaking is a QCD effect of the sextet sector and once 
high-enough energies are obtained (hopefully, the eventual LHC energy will be suf- 
ficient) this new QCD interaction will, pre-eminently, require exploration at all mo- 
mentum scales. For the present, within the current LHC operation mode, the "new 
physics" evidence to be searched for is, mostly, hard to isolate connections between 
strong interaction physics and electroweak vector boson physics. As I will discuss, 
the inclusive Z pair cross-section is the most direct place to look. This cross-section 
will provide strong supporting evidence for the role of the 7]^ if, as it appears[4, 5] 
may be the case, it does indeed contain a resonance at the mass threshold for top 
quark/antiquark production. 

In general, unfortunately, the search for present evidence is seriously hindered 
by both experimental and theoretical factors that are consequences of the narrowness 
of the existing expectations and preparations for a discovery. On the experimental 
side, the major focus of the LHC detectors on the kinematic regions where short- 
distance Higgs-like physics has been expected to appear, certainly makes it difficult 
to see much of the new physics. Much worse is the current high luminosity pile- 
up of interactions that is a consequence of the intense pursuit of "ultra-small cross- 
section" physics. While the immediate reward may be the, obviously deeply significant 
and crucial (particularly from our perspective), demonstration that the Higgs boson 
does not exist, in the longer term the pile- up makes it close to impossible to study 
new physics that mixes electroweak-scale high p± physics with small p± hadronic 
physics and that may have larger cross-sections. For example, I expect the associated 
production of high multiplicity soft hadron states accompanying multiple electroweak 
vector bosons to be a major phenomenon of this kind that is spread across a large 
part of the rapidity axis. However, the detectors will only be able to see a fraction 
of the electroweak boson states and the pile up will make it extremely difficult to 
determine any properties of the soft hadronic part. 

I will suggest that, in fact, the Tevatron has actually seen a glimpse of this 
physics and that it might have seen much more if, for at least part of the program, 
the experiments had covered a wider rapidity range with a limited luminosity. Disap- 
pointingly, the rapidity coverage of the LHC experiments is, currently, even smaller 

physically well-defined bound-state mass is in strong contrast with the elusive concept of a 
lagrangian parameter mass - that the Higgs has been asked to provide. QUD has no lagrangian mass 
parameters. The dynamical mass spectrum arises from the removal of initial reggeon mass and p± 
cut-off regulators via a symmetry restoration that involves the Critical Pomeron. 
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relative to the full available rapidity and the luminosity pile-up is, of course, much 
worse. 

It should be mentioned that special low luminosity runs are scheduled for 
TOTEM and it is just possible that a definitive discovery could be made if there 
could be a collaboration with CMS (that continues to be anticipated for the future) 
to look for the double pomeron production of vector boson pairs. Most likely, however, 
higher energy will be required to see this process. 

On the theoretical side, a potential problem is the development [6] of "QCD 
phenomenology" aimed at extending both the precision and the domain of pertur- 
bation theory, by the inclusion of "non-perturbative" ingredients. While this phe- 
nomenology has the intention of increasing the potential for the discovery of new short 
distance physics, it has the effect of making "perturbative QCD" fits to short-distance 
cross-sections look much more comprehensive than is really the case. Unfortunately, 
the success of this phenomenology could well obscure important QCD elements of the 
new sextet quark physics that are appearing. 

1.1 The Sextet Sector, the Critical Pomeron, and the QUD S-Matrix 

While my understanding of the role of QUD is relatively recent, I have long 
argued[7, 8] (as I will discuss in more detail later) that the sextet sector should 
appear at high energy in order to produce the Critical Pomeron [9]. The discovery of 
the Critical Pomeron can be viewed[10] as the summit of abstract S-Matrix Theory. 
It is formulated as a renormalization group fixed-point sohition of pomeron Reggeon 
Field Theory that, uniquely, satifies multiparticle t-channel unitarity and produces 
rising total cross-sections. It has also been shown to satisfy all multiparticle unitarity 
constraints in s-channel scattering regions. It was formulated without reference to 
any underlying theory and, as far as is known, provides a uniquely unitary possibility 
for the high-energy behavior of an S-Matrix. 

The existence of the sextet sector has also long been advocated[ll] as providing 
a particularly attractive solution to the problem of clcctroweak symmetry breaking, 
with the sextet chiral scale identified as the electroweak scale. As I will return to 
shortly, it is the consistent combination of the sextet quark sector with the electroweak 
interaction that requires the embedding in QUD. In addition to impacting the new 
QCD physics introduced by the sextet sector (and also modifying other areas of QCD), 
the underlying massless theory ensures that Critical Pomeron asymptotic scaling is 
present in conjunction (non-trivially) with massive particle states. 

By constructing ("infinite momentum") multi-regge amplitudes, I have argued[3] 
that QUD has a massive bound-state S-Matrix. The essence of the dynamics is 
that infra-red divergent anomalous color parity wee gluons, that couple via massless 
fermion chirality transition anomalies, provide a "wee parton vacuum" that selects 
and strongly enhances the physical high-energy amplitudes. The resulting amplitudes 
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are directly determined by the charge conjugation and parity properties of the gauge 
field couplings to the fermion representation and it is truly remarkable, given the 
uniqueness of the field theory, that only the interactions and states required by the 
Standard Model seem to appear, apart from the new sextet states and their ampli- 
tudes. If. in fact, QUD does produce both the Critical Pomcron and the Standard 
Model S-Matrix, it will surely revive the "ancient" idea of a unique^ unitary particle 
S-Matrix. 

Regrettably, my construction of the QUD multi-regge S-Matrix is still at a very 
formative stage. The highly selective anomaly dynamics is novel and many details 
are either not yet given or remain to be better understood. Consequently, while it 
is possible to deduce general properties, the development of a complete calculational 
framework is a long way away - even though the reggeon diagram formalism that I 
use is basically perturbative. This is why, in most of this paper, the arguments I give 
will be descriptive only. Although this makes the content seem even more speculative 
than it necessarily is, I hope it is understandable on a qualitative level. 

The underlying massless theory does not appear directly in most of my dis- 
cussion, even though it's existence is crucially responsible for the anomaly dominance 
of couplings that produces extra large sextet cross-sections. In principle at least, 
an effective theory closer to the Standard Model might be obtained from QUD by 
integrating out the "elementary leptons" contained in the theory - leaving massive 
bound-state physical leptons (including neutrinos), massive triplet quarks (via self- 
energy interactions involving the elementary leptons), and massless sextet quarks. 
However, I have not studied this possibility in any detail. 

I will give a brief outline of the formal multi-regge construction of S-Matrix 
amplitudes, that I plan to give more details of in the near future, in the later Sections 
of the paper. Since QUD has no explicit parameters and also has no possibility for 
extension or further embedding, it is very fortunate that solutions to the well-known 
"Beyond the Standard Model" problems of dark matter and neutrino masses also 
appear to be provided. Indeed, it has to be emphasized that if any established element 
of the Standard Model is not reproduced by the QUD S-Matrix, the uniqueness of 
the theory imphes that it must be wrong. Also, since the S-Matrix necessarily has 
no off-shell amplitudes, if it is to have any hope of gaining general acceptance as a 
replacement for the Standard Model, significant changes in the currently accepted 
theory paradigm will be essential. 

1.2 Cosmic Ray Results and Models 

The most recent Cosmic Ray results suggesting new physics are from the Auger 
collaboration. Their results[12] on the penetration and fiuctuation of air showers 

^That the existence of a non-perturbative S-Matrix in any four-dimensional field theory 
remains unproven is often regarded as just another "inconvenient truth". 
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imply, as shown in Fig. 1, that the very highest energy cosmic rays do not look like 
protons. 




Figure 1. Auger High- Energy Results for the Average Depth of the Shower 
Maximum, together with the Corresponding Fluctuations 



Within established strong interaction phenomenology, they can only be heavy nuclei 
- primarily iron nuclei. This is astonishing; not only is there no known mechanism 
for producing such high energy nuclei, it also defies all intuition that they would be 
produced, and survive, in preference to protons. 

The Auger experiment is in a league of it's own with repect to high statistics 
data, detector size, and level of analysis. A comparison [12] of the accuracy of the 
Auger results with that of the highest energy HiRes results is shown in Fig. 2(a). 
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Figure 2. (a) Comparison of Auger and HiRes Results (b) Results for the Average 
Depth of Shower Maximum, From All Experiments, Over a Wide Energy Range 



I will comment later on the change of slope (in the region of the spectrum "ankle") 
that the accuracy of the data exposes. Also shown, in Fig. 2(b), is the wide variation 
of results from other experiments [13] over a large energy range that includes the 
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interval in which the spectrum knee occurs. Although there is much disagreement 
about absolute values, the different experiments all show a movement towards the iron 
composition line that begins before the knee and continues for a substantial energy 
interval above it. This will be important for our discussion. Significantly, the knee 
occurs between the energy of the Tevatron and the current LHC energy. 

In spite of the improved accuracy of the Auger results, to explicitly relate the 
experimental shower measurements to the nature of the incoming cosmic ray it is 
still necessary to use a strong interaction model that, in principle, should be based 
directly on QCD. In practise, QCD is not well understood in either the appropriate 
kinematic regime or at the needed level of complexity and so "QCD motivated" 
phenomenological models have to be used. It is well known that the models are not 
able, in general, to simultaneously reproduce well all the key properties of the showers, 
with the muon content being particularly elusive. The models also give inconsistent 
answers when different experimental methods are compared. This has led to a variety 
of confusing and contradictory results on the elemental composition, from energies 
below the knee up to the highest energies - with the Auger results, perhaps, capping 
the confusion. Although the sole source of the problems could be that the models 
are failing to reproduce QCD, as is the general consensus, it is also plausible that 
something beyond established QCD physics is being seen. 

I will argue that much of the present confusion in cosmic ray physics, including 
both the existence and properties of the knee and the apparent presence of very high 
energy heavy nuclei, is caused by the existence of the two flavor color sextet quark 
sector of QCD. 

1.3 QCD Monte Carlos, Small px, and the Critical Pomeron. 

As I will enlarge upon in Section 4, the relation between QCD Monte Carlo 
models and the new LHC minimum bias data on multiplicity and transverse mo- 
mentum distributions is somewhat similar to the cosmic ray situation. It is a very 
fortunate outcome of the initially reduced luminosity that the LHC detectors have 
been able to take data that is much more accurate and records the small transverse 
momentum region far more extensively than has been done previously. As a result, 
serious deficiencies of the commonly utilised "QCD based" Monte Carlo models have 
been exposed. Most importantly, it is clear that central plateau multiplicities are 
severely underestimated, particularly in small transverse momentum events. Again, 
it could be a simple failing of the models, as the experimenters conclude, or it could 
be that QCD does not conform to conventional expectations at high energy and small 
transverse momenta. 

In the absence of any conflicting experimental data from the Fermilab Tevatron 
or HERA, it has been widely assumed that a semi-hard dynamical version of QCD, 
built on BFKL dynamics, is reahzed[14] in nature (at high energy). The large trans- 
verse momentum of the interactions producing the BFKL pomeron greatly reduces 
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the dynamical significance of the small transverse momentum region in a manner that 
could, at least partly, justify the parton model starting point for the most commonly 
used Monte Carlo models. However, a dominant dynamical role for large transverse 
momenta is surely in conflict[15] with the strong enhancement, increasing with en- 
ergy, of the small transverse momentum (central plateau) region that is seen at the 
LHC. 

Contrastingly, the Critical Pomeron is a small transverse momentum phe- 
nomenon in which central region cross-sections are dominated by high multiplicity 
small transverse momentum states associated with a strongly self-interacting regge 
pole. The LHC minimum bias data show that such states are being produced with 
a significant cross-section that could be a signal of the new strong interaction scale. 
I will suggest that the increasing central region multiplicities are a consequence of a 
large triple pomeron coupling appearing at the electroweak scale that is due to the 
sextet sector. 

A priori, QCD does not produce a regge pole pomeron. However, in massless 
QCD the addition of two sextet flavors to six triplet flavors (giving "QCD^9") in- 
troduces an infra-red fixed-point that enhances massless quark anomaly interactions 
coupled to wee gluons, with the result that the BFKL dominance of large transverse 
momentum is overwhelmed. A regge pole pomeron appears as a rcggcized gluon 
in a color compensating anomalous wee gluon condensate and the Critical Pomeron 
results from pomeron self-interactions. Fortunately, as I emphasize many times in 
this paper, the embedding of massless QCD5 in QUD allows effective quark masses 
to be acquired in the formation of bound states, without disturbing the high-energy 
behavior of the massless theory. 

After discussing top quark physics in the last Section of the paper, I will elab- 
orate on how the sextet quark sector could also affect the application of perturbative 
QCD calculations to jet cross-sections and other short-distance hadronic physics. 

1.4 Electroweak Physics, the QUD S-Matrix, and the Theory Paradigm 

That Z pairs can be produced in association with a high multiplicity of small 
p± particles is suggested by a spectacular four electron event that was seen at the 
Tevatron before the luminosity-induced pile-up, and (to a lesser extent) the very first 
LHC Z pair event seen by CMS, that was also recorded before pile-up. Events of this 
kind would be expected if the sextet sector is responsible for electroweak symmetry 
breaking. The high multiplicity states contribute to the electroweak scale pomeron, as 
discussed in the previous sub-section, and their strong coupling to electroweak states 
is a necessary reflection (as I will discuss further in Section 9) of the direct couphng 
of the pomeron to electroweak states. Indeed, I will suggest that a large cross-section 
for multiple Z's and W's produced across a wide rapidity range, generally with a high 
multiplicity of small p± particles, will be a major component of the new physics that 
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is ultimately discovered at the LHC. 

If it should become clear that this physics is present, the inescapable conclusion 
would be that the electroweak scale is a new strong interaction scale and should be 
investigated as such. At the same time, the resulting interaction change would be 
finally understood as the origin of the cosmic ray spectrum knee. Unfortunately, the 
current detectors may not be able to see very much of the physics that is involved, 
which is surely not what they were designed for. In addition, the enormous pile-up 
will make the recognition of those events that can be seen even more difficult. Most 
likely, this will ultimately lead to a radical redirection of both the luminosity program 
and the focus of the detector data taking. 

For the immediate future, all we can hope to see is the central region, large p±, 
production of multiple vector bosons. The Z pair cross-section involving only charged 
leptons, although relatively small, is very clean and will be the easiest to access. Very 
encouragingly, both the Tevatron and the LHC detectors may have now seen physics 
of the kind that I am proposing in this cross-section. If the tjq resonance is present at 
the mass of the top/antitop threshold, as it appears might be the case, together with 
an additional excess cross- section that is (essentially) rapidity independent, this would 
provide very strong support for QUD. The strongest evidence for the presence of the 
r)Q has come, so far, from CDF. Since it is a pseudoscalar it is, presumably, possible 
that the pp cross-section for the production of this resonance at the LHC is smaller 
than the pp cross-section seen at the Tevatron. This would be very unfortunate, given 
the current demise of the Tevatron. Nevertheless, as the realization that there is no 
Higgs' boson to be discovered becomes widespread and fully accepted, it is hkely that 
the focus on the ZZ cross-section as the "new physics window" will become intense 
at the LHC. 

The consistent combination of the sextet quark sector with the electroweak 
interaction (referred to earlier) involves requiring both asymptotic freedom and the 
cancelation of all short-distance anomalies. These requirements lead [2] uniquely to 
QUD. I will briefly review QUD in the penultimate Section of the paper. The last 
Section discusses the link between top quark physics and the tiq, for which properties 
of QUD are essential. That the QUD short-distance anomaly cancelation involves 
both the sextet and triplet sectors is a very important element. 

As I will review, the QUD high-energy S-Matrix in which all the elementary 
"quarks" and "leptons" are confined is an outcome of the same regge region anomaly 
dynamics that gives the Critical Pomeron in QCD^. The multi-regge construction 
of bound-states implies there will be generations of physical leptons and hadrons, 
exactly as in the Standard Model. Even though much remains to be done to obtain 
the specifics of the hadron and lepton spectra, the extraordinary possibility that the 
QUD S-Matrix could provide an underlying origin for the established elements of the 
Standard Model, while also solving the core "Beyond the Standard Model" problems. 
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seems to be very real. 

Nevertheless, it has to be emphasized that not only is there an enormous 
amount of structural and algebraic detail that still has to be given, but also a dra- 
matic proposal is involved which is surely a revision of the current theory paradigm. 
This is that a very weak coupling field theory can produce a high-energy S-Matrix 
(without off-shell amphtudes), in which the interaction strengths are those of the 
Standard Model, via the infra-red divergent enhancement of anomalies resulting from 
massless fermion chirality transitions. Moreover, even though the physical states are 
all massive, the underlying massless theory is responsible for anomalies that domi- 
nate high-energy couplings and, in particular, enhance both small transverse momen- 
tum production cross-sections involving sextet states and the sextet generated triple 
pomeron coupling. 

1.5 Anomaly Dynamics and QCD 

That 1 have started with the Critical Pomeron and arrived at a potentially 
unique underlying unification for the Standard Model, when over three decades of 
GUT research has failed to arrive at a unified theory, is due (I believe) in large part 
to a gradual realization of the crucial role that infra-red anomalies, due to underlying 
massless fermions, must play in high-energy amplitudes. After a very long search for 
the Supercritical Pomeron, 1 have become convinced that the anomaly interactions of 
(confined) massless fermions are essential for a gauge theory to produce a solution of 
t-channel unitarity at high-energy. Very unfortunately, the deep constraints imposed 
by t-channel unitarity are currently ignored by not only the model/theory building 
community but also by almost all theorists working on the high-energy behavior of 
QCD. 

Although much remains to be understood about the anomaly dynamics, there 
are many desirable consequences for QCD at energies where the sextet sector is not 
directly evident. While the arguments are only outlines, as I have so far presented 
them, an origin for both confinement and the parton model is provided and their 
co-existence is clear. The essential regge pole nature of the pomeron, which is well- 
established experimently, is also a direct outcome. In addition, the anomaly dynamics 
produces only chiral symmetry breaking quark states and so glueballs, which have not 
been seen experimentally, are absent. Together with the top quark and jet physics 
discussed in the last Section of this paper, these phenomena are part of the significant 
existing experimental evidence referred to at the outset. 

Most important for the present discussion are, of course, the consequences of 
the anomaly dynamics for the Cosmic Ray and LHC physics that 1 will focus on in 
the following. Although 1 have long believed that the color sextet sector of QCD 
should be evident in high-energy cosmic rays, and although 1 realized[16] very early 
on that the spectrum knee must in some way be the threshold for the new physics, it 
is only in the last few years that I have understood just how the anomaly dynamics of 
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QCD is introduced by the sextet sector and what the most important experimental 
consequences should be. In later Sections, I will give a brief description of how 
anomaly chirality transitions determine bound-states and scattering amplitudes, first 
in massless QCD5 and then in the underlying SU(5) theory. In the bulk of the paper, 
however, I will give only brief justification for phenomena that I will claim are an 
outcome of the anomaly dynamics. 

Two particularly significant phenomena should be emphasized at the outset. 
First, the S-Matrix interactions of the SU(5) theory are only those of the Standard 
Model. Second, because the bound-states necessarily contain Goldstone bosons as- 
sociated with chiral symmetries, there are no mixed triplet /sextet states. As a con- 
sequence of these properties, triplet and sextet fermion numbers are separately con- 
served and there are sextet baryons that are stable, just as the proton and anti-proton 
are stable. 

1.6 Outline 

In the next Section I will discuss the occurence of sextet baryons in cosmic 
rays. In Section 3, 1 will briefly summarize the current state of (contradictory) exper- 
imental knowledge of the knee. I will then describe the LHC minimum bias data in 
Section 4 and, in Section 5, make the connection between the the appearance of high 
multiplicities in the central plateau and a large triple pomeron coupling due to sextet 
quark anomalies. In Section 6, I will describe why, and how, the knee is evidence 
for the large cross-section physics of the sextet sector. In Section 7, I will discuss a 
particularly signiflcant high multiplicity event that was seen at the Tevatron, 

as well as why other similar events may have been missed. In Section 8, I will argue 
that the first Z^Z^ event seen at the LHC and the Tevatron event, belong to the class 
of sextet sector generated events that should eventually be a dominant component 
of new physics at the LHC. I will then discuss the striking properties of the Z^Z^ 
pair cross-section seen at the Tevatron that may also be emerging at the LHC, most 
importantly the possible presence of the r^g resonance. I will also discuss, more gen- 
erally, what might be seen at the LHC in the near and long-term future. In Section 
9, I will give a brief theoretical review of massless QCD5 and in Section 10 will give a 
similar review of QUD. Finally, in Section 11, I will argue that top quark production 
at the Tevatron is via the neutral pseudoscalar rjQ and that this naturally explains 
the observed asymmetry. I will also discuss why the top mass scale should appear in 
QCD jet physics and how this is obscured by current "QCD phenomenology" . 

2. Dark Matter in Ultra High Energy Cosmic Rays 

The quantum numbers of the two fiavor sextet sector are such that the physical 
states are analagous to those of the u/d triplet sector. The "sextet pions" become 
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the longitudinal components of the electroweak vector bosons and, in doing so, solve 
the fundamental problem of electroweak symmetry breaking. In addition, the "sextet 
baryons" may solve an equally fundamental problem by providing a very particular 
form of "Dark Matter" . 

2.1 Neusons and Prosons 

The core element of my explanation of the Auger results will be that the 
majority of the highest energy cosmic rays are actually dark matter sextet baryons, 
i.e. they are stable massive "sextet neutrons" composed of three color sextet quarks. 
I will call these particles neusons H. They have crucial properties that could lead to 
their appearance as high-energy cosmic rays. 

There will also be "sextet antineutrons" , i.e. antineusons, that are similarly 
composed of three sextet antiquarks. Because of SU(3) triality, the 6*/6 representa- 
tion corresponds to the 3/3* representation when when we build SU(5) representa- 
tions. Therefore, we identify "sextet quarks" as transforming under the 6* represen- 
tation, so that they carry the same electroweak quantum numbers as triplet quarks. 
This becomes much more than a question of nomenclature if we identify neusons as 
the dark matter that is dominantly present in the universe and antineusons as having 
only the same significance as antiprotons. However, since there is no current un- 
derstanding of why protons, rather than antiprotons, make up ordinary matter, this 
identification could well be wrong. 

Because sextet quarks retain their zero current mass, it is the neuson and an- 
tineuson that are stable. The electromagnetic mass contribution is sufficient to make 
the charged "sextet proton" (that 1 will call a proson) , analagously composed of three 
color sextet quarks, heavier than the neuson to which it decays. This is in contrast 
to the u/d triplet quark sector, where the neutral baryon (the neutron) is heavier 
than the charged baryon (the proton) because of triplet current quark masses. (Note 
that massless sextet quarks are necessary for sextet pions to be massless and produce 
electroweak symmetry breaking.) Very attractively, therefore, the existence of a large 
dark matter component in the universe is a very simple and natural complement to 
the predominantly charged, normal matter, triplet sector. 

That very high energy cosmic ray particles must be accelerated by "cosmic 
accelerators" requires, according to current understanding, that they be charged, 
which (by definition!) dark matter particles are not. Indeed, the focus on the GZK 
cut-off has strongly cemented the conviction amongst many physicists that the highest 
energy cosmic rays must be charged particles. However, stable cosmic ray neusons can 
originate as the decay product of unstable, but relatively long-lived, charged prosons 
that have been accelerated by conventional cosmic accelerators. 

II Sextet baryon names are obtained via tr {t} = triplet — > s {s} = sextet. 
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2.2 Sextet Sector Interactions 

The self-interactions of the sextet sector will be those of a stronger coupling, 
higher mass spectrum, version of the triplet sector. The pomeron provides the high 
energy interaction within each sector and also between the two sectors. It contains 
dynamical gluon reggeons (one in the simplest approximation) together with zero 
transverse momentum anomalous wee gluons that neutralize the exchanged color. As 
we noted earlier, the wee gluon anomaly color factors that are involved imply that 
the coupling of the pomeron to sextet states is much stronger than the coupling to 
triplet states. Equally important, is the large sextet quark anomaly contribution to 
the triple pomeron coupling. 

High multiplicity states with large rapidity and small transverse momenta that 
are the intermediate states of the exchanged pomeron will also have, as we already 
remarked in the Introduction, a strong coupling to sextet states. This is because, as 
discussed further in Section 9, the amplitudes involved also contain anomaly coupled 
wee gluons. Consequently, the production of sextet states will dominate high energy 
QCD cross-sections. In particular, at high enough energy, these cross-sections will 
dominate particle production in the rising, expanding, central plateau** that is the 
main characteristic of the high-energy strong interaction. Indeed, as I have already 
suggested, and discuss further below, the sextet sector may be appearing at the 
LHC, in combination with a large increase in the height of the plateau due to the 
production of small transverse momentum particles associated with the large triple 
pomeron coupling. 

The high-energy dominance of sextet states, potentially, provides an explana- 
tion for the dominance of dark matter production in the ultra-high-energy processes 
responsible for early universe formation. It also implies that prosons will be prefer- 
entially produced in the present universe, relative to protons, by the highest energy 
strong interaction processes. Hence, after cosmic acceleration, neusons produced by 
prosons (and antineusons produced by antiprosons) will be the dominant cosmic rays, 
at the highest energies. 

There are no meson or nucleon exchanges that can provide a low-energy in- 
teraction between the sextet and triplet sector states. Consequently, this interaction 
occurs only at high enough energy for the intermediate states to appear that pro- 
duce the gluon exchange pomeron in the total cross-section. Indeed, the absence of 
a low-energy interaction between the two quark sectors is an essential part of my 
explanation of cosmic ray phenomena. It is closely related to the, conventionally 
surprising but experimentally verified[17], absence of glueballs in the hadronic spec- 
trum. If glueballs existed, their exchange would provide a straightforward interaction 
between neusons and protons. Instead, as is generally believed to be an essential 
property of dark matter, neusons will have no strong interaction with normal matter 

**Note that a rising universal central plateau is a defining property[19] of the Critical Pomeron. 
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at low energy. A neuson will appear, therefore, as a conventional WIMP (weakly 
interacting massive particle) in most dark matter experimental searches. 

The currently popular understanding of QCD dynamics prcdicts[18] that glue- 
balls should be a major component of the hadronic spectrum and that they should 
be associated with a multigluon, BFKL generated, semi-hard pomeron. Whereas, 
because fermion chirality transitions are an essential element in the formation of 
bound-states, the anomaly dynamics produces both a much more limited particle 
spectrum and a much simpler pomeron. All physical states arc formed from anomaly 
pole chiral Goldstone bosons that necessarily contain quarks and so there are no glue- 
balls. Moreover, the pomeron is a self-interacting regge pole, as t-channel unitarity 
requires, involving dynamical gluon reggeons that are produced by small transverse 
momentum intermediate states and that are color neutralized by (anomalous) wee 
gluons. The pomeron is not associated with any bound-states, glueballs or otherwise. 

2.3 Cosmic Ray Neusons 

As cosmic rays, neusons will have a high energy threshold for atmospheric in- 
teractions that produce strong interaction air showers. The most distinctive feature of 
the produced "dark matter showers" will be that the initiating neuson will disappear 
from within the shower. It will simply slow down until it no longer interacts with the 
atmosphere and will proceed (probably) to the center of the earth, where there must 
be, presumably, an accumulation of "dark matter". The observed shower will appear, 
therefore, to be less penetrating than a proton shower, while still having a very high 
(although underestimated) energy, and so will look suggestively like a heavy nucleus 
shower. 

A neuson interaction that initiates a shower will have the general form shown in 
Fig. 3, where the corresponding, shower producing, proton interaction is also shown. 
The conservation of sextet quark quantum numbers determines that in the neuson 
"fragmentation" region there will be a sextet state with neuson quantum numbers. 
The remainder (the major part) of the produced state will, at the lowest energies, 
simply be a soft (low transverse momentum) state composed of triplet quark hadrons 
spread across a large rapidity interval in (essentially) a universal manner. The "wee 
parton" produced hadrons involved will be the same in proton initiated showers and 
will be the same as those that build up the pomeron in the hadron total cross-section. 
Communication between a sextet state and a large rapidity triplet state has to involve 
gluon(s) (in a background of divergent wee gluons) and a, perhaps minor, issue that we 
will return to is whether, in general, this should be reflected in a reduced soft particle 
rapidity density in the immediate (rapidity) neighborhood of the sextet state. 

The longitudinal components of the and Z° vector mesons are the "pi- 
ous" of the sextet sector and their large cross-section production (flrst pairs and then 
higher multiplicities) will be the dominant feature as the energy increases. In neu- 
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son scattering, this will take place first in the fragmentation region and then in an 
increasingly wide central region. In proton-proton scattering, sextet states will be 
produced with a large cross-section only within the (widening) central plateau or, 
equivalently, only when there are large rapidity states on either side, as illustrated in 
Fig. 3. There will be no fragmentation region production. Ultimately, at the highest 
energies, there will be many rapidity regions of multiple vector meson production 
separated by, pomeron producing, large rapidity soft hadronic states. 
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Figure 3. The Production of Sextet States in Neuson {Nq) and Proton (P3) showers 

via Large Rapidity States 

Dark matter neusons (as well as prosons) will be produced in both the neuson 
fragmentation region and the central plateau. However, since they can not be singly 
produced, and since a best guess for the neuson/proson mass is ~ 500 Gev, I anticipate 
that this production will require more energy and, relative to multiple vector meson 
production, will increase only slowly with energy. At the highest energies, however, 
the neuson production will also be spread across almost all of the rapidity axis via 
the multiple pomeron forming interactions, in both neuson and proton interactions, 
as illustrated in Fig. 3. 

The decay of the vector bosons to wide-angle pairs of quarks and leptons will 
significantly spread the shower and so, relative to the energy, will reduce the depth 
and multiplicity. The shower will also spread, relative to the energy, if (as we discuss 
further later) the relative multiplicity density increases in rapidity regions close to 
the vector meson production. Moreover, the production of high energy neutrinos 
will result in a substantial missing energy component in many showers. Within the 
conventional analysis of neuson showers, these properties will add to the absence of 
the initiating neuson in leading to the identification of the shower as originating from 
a heavy nucleus. Obviously, the underestimation of the energy will steadily increase 
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as the original neuson energy increases. This will be very important when we discuss 
the origin of the knee, and also discuss proton initiated showers. At the same time 
we will discuss the additional, also very important, underestimation of all shower 
energies resulting from the enhancement of central region small transverse momenta 
and high multiplicities, seen at the LHC, that we discuss in Section 4. 

3. Properties of the Knee 

As shown in Fig. 4, the "knee" in the cosmic ray spectrum occurs between 
Tevatron and LHC energies. It is both well-known and remarkably well-established, 
yet it's origin is still not understood. 

3.1 The Knee as a Dark Matter Threshold? 

Soon after it's discovery, it was suggested[21] that the knee could be the thresh- 
old for a new interaction that produces neutral particles not observed in the ground 
level detectors. This would produce an underestimation of the shower energy above 
the threshold and would lead to a pile-up of events below the threshold energy which, 
together with the depletion of the spectrum above the threshold, would be observed 
as the "knee" that appears to be clearly visible when the data is presented as in 
Fig. 4(a). 



Equivalent cm. energy VSpp (GeV) 




E [eV] 



(a) (b) 

Figure 4. The Cosmic Ray Knee (a) Data From All Experiments [20] (b) A Selection 
of Data Based on Chosen Model and Composition Varying Analyses[13]. 

However, Fig. 4(a) is an unselective presentation of all experiments. A presentation 
that exploits recent model and composition varying analyses, and is much more selec- 



15 



tive with respect to both the experiments and the models used, is shown in Fig. 4(b). 
It is now less obvious that there is a "knee" , rather than a more straightforward change 
of slope. It is clear, from both Fig. 4(a) and Fig. 4(b), that if the knee were simply a 
neutral particle threshold in the hadronic interaction, with no related change in the 
incoming primary composition, then almost all the hadronic cross-section would have 
to be affected by the threshold at the highest energies. Also, although the different 
experiments contributing to Fig. 4(a) are not very consistent, the threshold would, 
surely, have to be remarkably sharp. Since there was no serious idea what the neutral 
particle(s) could be (dark matter was essentially unknown at the time), and there 
was no reason to expect such a dramatic effect in the strong interaction, particularly 
after the discovery that this interaction is described by QCD, there was no general 
acceptance of the threshold proposal. 

Given the current knowledge of, not only the existence of dark matter, but 
also it's predominance in the universe, it might seem surprising that the "dark matter 
threshold" explanation of the knee has not been revisited. A major reason is that, 
within the currently popular proposals for dark matter, there is no possibility for the 
cross-section to be as large and as dominant as would be required. An even more 
important reason may be that the current consensus is (as we noted earlier) that dark 
matter does not strongly interact with normal hadronic matter. 

3.2 The Confusion of Composition Analyses 

Even though the knee is, today, widely believed to be astrophysical in origin, 
the only consensus is that there is no consensus on what the cause could be. A 
priori, even if very special sources are involved, it seems almost inconceivable that 
a conspiracy of external phenomena could produce such a pronounced local effect in 
a cosmic ray spectrum that, naively at least, is arriving from all directions and all 
distances of the universe. From this point of view, it is far more plausible that the 
cause is in the atmospheric interaction. Indeed, a recent phenomenological analysis, 
has shown that the break in the Tibet III full spectrum is easily fitted[22] by a 
missing energy threshold. On a more detailed level, it has also been argued that 
relative features of the muon and electron spectra in the neighborhood of the knee 
are such that it must be a consequence of an interaction change[23]. 

It is remarkable that, while the number of experiments and papers studying 
the knee have increased at an incredible rate in the more than fifty years since it's 
discovery (there are nearly 300 papers on Spires with "knee" explicitly in the title), 
there is more disagreement today, than ever, on it's nature. This is due in part to 
the current conflict between results obtained using different experimental methods, 
and/or using different hadronic models and, most importantly, the primary compo- 
sition assumed. That the elemental composition is completely unknown, and so can 
be assumed to be energy dependent - almost without constraint, leads to dramati- 
cally different conclusions when each experiment fits the particular parameters it can 
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measure with hadronic interaction models. 

Consider, first, the variation with energy of the average logarithmic mass of 
cosmic rays derived[13] by two different methods, as shown in Fig. 5. The general form 
of the results displayed in Figs. 5(a) and 5(b) is so distinct that the only conclusion 
that can be drawn is that the models used must surely be either misrepresenting, or 
missing, significant elements of the physics. 
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Figure 5. Mean Logarithmic Mass Derived Via (a) Depth of the Shower Maximum 
(b) Electrons, Muons and Hadrons at Ground Level 



Moving on to the energy dependence of the elemental groups, we can compare 
the results obtained[13] by different experiments using a range of experimental meth- 
ods and with a variety of hadronic models. The results for protons and for iron are 
shown in Fig. 6. All the experiments see the relative increase of the heavy component, 
as the knee is approached, referred to in the previous Section. However, the spread 
of the results is considerable and, as an outcome, the different experiments actually 
draw widely varying conclusions as to the main contribution to the knee. 

Amongst the biggest experiments, KASGADE concludes that the knee is due 
to the extreme drop-off of the proton contribution that they see, with the heavy nu- 
clei component not changing significantly. In contrast, as is apparent from Fig. 6, the 
Tibet AS experiment does not see the drop-off and, instead, claims that the heavy 
component must be responsible for the structure of the knee. Glearly, a straightfor- 
ward variation of the composition is not universally seen and so, again, it seems likely 
that the physics involved is either not well represented or not well understood. 

Results [24] from GRAPES-3 are shown in isolation in Fig. 7. They lie between 
the extremes of the other two big experiments. There is a clear knee in the proton 
component, while the heavy component falls and then rises (relatively) as the knee is 
approached. Both features can be enhanced or weakened (together) by an appropriate 
model choice. The GRAPE-3 results fit most directly with our argument. 
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4. Minimum Bias Physics At the LHC 



As we noted in the Introduction, the recent LHC data imply that there are far 
more events with small p± and high central region mutiplicity than is predicted by 
the QCD Monte Carlo models that have been tuned to moderate and high p± events 
at Fermilab. This is seen by both ATLAS and CMS and, in principle, could also have 
been seen at the Tevatron if the experiments had looked for small p± particles. It 
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is, however, a phenomenon that is increasing fast with energy, as is evident in the 
rapidly rising central plateau that is produced. 

4.1 Small Multiplicity Distributions 

We show first, in Fig. 8(a), the ATLAS multiplicity distribution [25] at the 
highest energy, as a function of p±. The models shown are mostly based on Tevatron 
data with varying modifications for the LHC In particular, the AMBTl model has 
been tuned by ATLAS to their own low multiplicity (moderate p_C) data. As can be 
seen, at very small p±_ close to 50% of the events are missed. Correspondingly, at 
large p± there is an over-estimation of the number of events that can be as high as 
50%. The highest energy ATLAS multiplicity distribution [25] as a function of the 
number of charged particles in the event is shown in Fig. 8(b). Now it is the higher 
multiplicities that are very badly reproduced by the models, from multiplicities of 
80 upwards. In both of the plots in Fig. 8, the p_L cut-off is 100 MeV . ATLAS also 
has similar plots to those shown with the p±_ cut-off at 500 MeV. The Monte Carlo 
models do much better, particularly at the lower energies where ATLAS also has [25] 
a complete set of plots. This is hardly surprising, since this is where they were tuned. 
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(a) (b) 

Figure 8. ATLAS Multiplicity Distributions at = 7 TeV 
Function of p± and (b) clS 3i Function of rich- 

The overall effect of the p±_ cut-off can be seen very easily in the CMS plots [26] 
shown in Fig. 9. Multiplicity distributions are shown at three energies, both with no 
p± cut-off and with a cut-off of 500 MeV. The high multiplicity failure of the models 
based on Fermilab data, at the highest energy and with no cut-off, is very evident. 



19 



Again, the models do much better when the p± cut-off is imposed. As a further 
observation from Fig. 9, we note that the model which appears to best fit the no cut- 
off distributions, grossly overestimates the number of high multiplicity events when 
the cut-off is imposed. 




(a) (b) 

Figure 9. CMS Multiplicity Distributions as a Function of rich 
(a) with no p_\_ Cut-off and (b) with pj_ > 500 Mev 



4.2 The Central Plateau and Associated Transverse Particles 

Next, we show ATLAS results [25] that illustrate how the contribution of small 
p± large multiplicities is dramatically evident in the rise of the central plateau. Results 
for dNch/drj^ with and without small particles, are shown in Figs. 10 and 11. 
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Figure 10. ATLAS measurements of dN^h/dr] (a) > 100 MeV, y/s = 0.9 TeV 
(b) > 100 MeV, = 7 TeV (c) p± > 500 MeV, = 7 TeV 
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Not surprisingly, the models are again seen to seriously underestimate the small p± 
cross-sections and only fit well when a high pj_ cut-off is imposed, as illustrated in 
both Fig. 10(c) and Fig. 10(d). 




n/s [GeV] 

Figure 11 The ATLAS s-dependence of dNch/drj at 77 = 

Finally, we show results [27] that point directly towards the physics that we 
discuss in the next Sections. In Fig. 12 we show < (PNch/drid(j) >, as a function of 
the p± of the leading particle, in the angular region transverse to the direction of this 
particle. 
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(a) (b) 

Figure 12 < d'^Nch/ drjdcj) >, as a function of the leading particle p^, in the transverse 
region (a) > 100 MeV, = 7 TeV (b) p^ > 500 MeV, ^/s = 900 GeV 

Not only is this density more than 50% above the model predictions, it also shows 
no sign of decreasing as the leading particle p± reaches values for electroweak boson 
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production. Again, when the cut-off is raised to > 500 MeV and the energy is 
lowered, the data falls back on top of the Monte Carlo predictions. 

ATLAS also has plots for other angular regions and at low and high energy 
which confirm that disparities with the models develop rapidly with energy and are 
most striking in the transverse region and when small p± particles are included. 

4.3 What is Wrong? 

At the highest energy in particular, it is plausible that there is a major phys- 
ical phenomenon that is being missed entirely by the models. All of the models have 
a QCD -based parton model starting-point in some way or other. As I have im- 
plied earlier, such models could be expected to do reasonably if the small p± physics 
involved is no more than a direct extension of semi-hard BFKL pomeron physics. 
However, I have argued for many years that because the QCD interactions that pro- 
vide the BFKL framework drive the dominant physics towards large p±, a solution 
of t-channel unitarity at small p± can not possibly be obtained this way. Instead, a 
much different picture of small pj_ physics at high energy (that is unitary) is obtained 
in the very special version of QCD obtained by adding the sextet sector. Obviously, I 
would like to associate, at least part of, the large multiplicity rising plateau with the 
pomeron intermediate states involved in the production of sextet states, as suggested 
in Section 2, and the sextet produced triple pomeron coupling, as discussed in the 
next Section. 

5. Multiplicity Fluctuations in Triple Pomeron RFT 

Reggeon Field Theory (RFT) formulated with a unit intercept regge pole 
pomeron and a triple pomeron coupling gives the Critical Pomeron directly. The cor- 
responding "cut RFT" describes the multiplicity fluctuations in large rapidity hadron 
scattering that will dominate the asymptotic Critical Pomeron. (Higher-order cou- 
plings, although present in general, are "irrelevant" for the critical behavior.) 

5.1 Multiplicities and Cut Pomerons 

Consider the contribution to the total cross-section of a large rapidity soft 
hadron state of the kind that appears in Fig. 3. As illustrated in Fig. 14, increased 
multiplicity densities, relative to a minimal average density, are represented by a 
corresponding increase in the number of exchanged cut pomerons. The asymptotic 
Critical Pomeron is produced by summing, to all orders, diagrams of the form of 
those in Fig. 14. The result is a central region multiplicity density increasing with a 
power of the energy that is a critical exponent. Given that the theory is known to 
be critical, a large triple pomeron coupling implies that the contribution of low-order 
diagrams will give a reasonable approximation to the asymptotic behavior. 
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The complete set of cut pomeron diagrams includes diagrams (that we have not 
shown) in which some pomerons are uncut and so describe rapidity gap interactions. 
Nevertheless, it is clear from the diagrams shown that a large triple pomeron coupling 
produced by sextet quark anomalies (as will be discussed in Section 9) will obviously 
result in increasingly many events with large central region multiplicities. The scale 
at which the asymptotic amplitudes appear is, at present, something that we can 
only discuss empirically. That it is related to the electroweak scale would obviously 
explain the consequent appearance of large multiplicity small transverse momentum 
states at the LHC. 
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Figure 14. Multiphcities Associated With Cut Triple Pomeron Diagrams 




5.2 Cut Pomerons and Central Plateau Sextet States 

The most important consequence of the activation of the sextet sector at the 
LHC should be the central region production of sextet states, as illustrated in Fig. 3. 
The plateau production of sextet states and the corresponding description by cut 
pomeron diagrams, as illustrated in Fig. 14, will be identical in both proton and 
neuson interactions. It will be predominantly multiple electroweak bosons, with the 
number increasing rapidly with energy. The relative multiplicity density should be 
large in rapidity regions on either side of the vector meson production as a consequence 
of the strong coupling of soft hadron states to the sextet states. As the energy 
increases, multiplicity fluctuations within the soft hadronic state will also become 
increasingly significant, producing an even more dramatic rise in the central region 
multiplicity density. 
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As I discuss further in Sections 7 and 8, the detection of multiple vector meson 
states produced across a wide part of the rapidity axis, in association with high 
multiplicity soft hadronic states, will be a major challenge for the LHC experiments. 
This is because of the hmited rapidity coverage of the detectors and the consequent 
difficulty of identifying all the leptons involved. 
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Figure 14. Plateau Sextet States Produced in Neuson and Proton Interactions 



6. The Origin of the Knee 



Obviously, to be responsible for the knee, the sextet sector has to produce 
a major change in the strong interaction. If the cross-sections are as large as the 
anomaly dynamics arguments of later Sections will suggest, the change with energy 
of the neuson and proton interactions, could be exactly what is needed. 

The strong increase with energy of small transverse momenta central region 
multiplicities that we have attributed (indirectly) to the sextet sector, clearly was 
unknown before the new LHC data. As a consequence it has not been included in the 
models used for shower analysis. The resulting spread of the shower will be a major 
factor in underestimating the energy via the depth of shower maximum. Most likely, 
however, the central region production of sextet states will be equally significant in 
spreading the shower. 

6.1 Thresholds and the Spread of Showers 

As discussed for neusons in Section 2, the effect of vector boson decays to 
wide-angle pairs of quarks and leptons will be to cause a spread and reduce the depth 
and multiplicity dramatically for both proton and neuson showers , surely causing the 
energy to be substantially underestimated. In addition, the production of high energy 
neutrinos will result in showers with a large missing energy component. Also, as the 
energy increases, multiplicity fluctuations within the soft hadronic state, towards 
the central region, will become increasingly significant (as we discussed in the last 
section). In general, there will obviously be a very significant underestimation of the 
highest shower energies. 
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As described in Section 2, it is because the production of showers by neusons 
requires a pomeron-related large rapidity state that there is an effective threshold. 
Taking into account the underestimation of neuson shower energies, it would be con- 
sistent with pomeron phenomenology and the anticipated large neuson mass if this 
threshold is in the energy range (not far below the knee) where, as I noted in the 
Introduction and discussed more in Section 3, the experiments have all seen an ap- 
parent increase with energy of the heavy nuclei component relative to the proton 
component. Although less so than the Auger result, this relative increase also seems 
counter-intuitive. If it is largely a consequence of the interaction threshold for dark 
matter neuson showers, this would be consistent with such showers being in the ma- 
jority at the highest energies seen by Auger. Indeed, the more recently apparent 
"ankle" , that is present in the very high energy end of the full cosmic ray spectrum 
shown in Fig. 3, could be directly associated with the increasing dominance of neu- 
son showers in the incoming spectrum that I interpret the Auger data as implying. 
As presented in Fig. 2(a), the Auger data show a clear discontinuity in the energy 
interval around the ankle. 

Because they can not be singly produced, and because of their anticipated large 
mass, the production of dark matter neusons (as well as prosons) will require more 
energy and, relative to multiple vector meson production, will increase only slowly 
with energy, just as in neuson showers. At the highest energies, the vector meson and 
neuson production will spread across the rapidity axis, via multiple pomeron forming 
interactions, in an identical manner in both proton and neuson showers, as described 
in Section 2 and illustrated in Fig. 3. 

If the atmospheric interaction threshold for arriving dark matter neusons is at 
a lower energy than the knee, then they will make a major contribution in the knee 
region. This threshold should be lower than that required for sextet interactions in 
proton collisions because only one large rapidity interaction is needed rather than two. 
While the much larger neuson mass will raise this threshold, the underestimation of 
the neuson shower energy will, effectively, lower it. 

6.2 Schematic Spectra 

A schematic illustration of how the two kinds of showers might contribute to 
the full spectrum in the neighborhood of the knee, which takes into account all the 
properties that we have discussed, is shown in Fig. 16. I have taken the contribution 
of neuson and proton showers to be comparable directly above the knee, since this 
is (very crudely) what is suggested by Fig. 2(b). I have already suggested that, at 
much higher energies, the Auger data (and perhaps the presence of the ankle) could 
be due to the increasing presence of neusons in the incoming spectrum. 

If the sextet sector is indeed responsible for the phenomena I have described, 
then a major revision of high-energy cosmic ray phenomenology is called for. This 
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is, however, a challenge far more daunting than providing a consistent triplet sector 
phenomenology, the difficulties of which have already been apparent in the previous 
Sections. It should be emphasized, therefore, that there is no calculational, or even 
phenomenological, framework involved in producing the spectra shown in Fig. 15. I 
have found, however, that consistency with all of the above discussion does not allow 
as much freedom as might be thought. 

Knee 




Figure 15. Spectra Potentially Produced by Neuson and Proton Showers 

The central issue is clearly, how big must the proton cross-sections for sextet 
state production be at the LHC? The implication of Fig. 15 is that the threshold for 
the appearance of the sextet sector in the proton interaction is just below the current 
LHC energy. It is obviously hard to postpone it much further, although it could easily 
be lower, implying that the phenomena involved should have begun to appear at the 
Tevatron, as I will suggest in the next Section. In either case, there is no escaping 
the conclusion that the phenomena involved must become increasingly apparent as 
the LHC energy is increased. The central question is, how much of the physics can 
be seen by the detectors, as currently configured, and with the accelerator running 
at such a high luminosity? I will discuss this further, after I have discussed what has 
been seen, as well as what might have been missed, at the Tevatron. 

7. At the Tevatron - Seen (and Perhaps) Unseen 

A significant number of Z pair events have been recorded at the Tevatron. Ini- 
tially, the cross-section appeared to be consistent with the Standard Model. However, 
this consistency has been slowly eroded via a number of analyses[28, 29, 4] performed 
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using a gradually increasing data sample. Currently, the cross-section appears to 
be[4, 5] about twice the Standard Model value, largely due[4] to the presence of a 
dramatic high mass cluster of events. Unfortunately, the analyses can not be easily 
compared because, as the event selection and tracking procedures have improved, the 
kinematic details of some events have changed and other events have moved in to or 
out of the final sample chosen. The CDF analysis[4] that produces the high mass 
events is the most recent and so, I assume, uses maximally improved procedures. 

In general, the selected ZZ events satisfy very strict requirements, as is illus- 
trated by a four electron event that was discarded until the most recent analysis but is 
of particular importance for our discussion. Very fortunately, this event was recorded 
sufficiently long ago that there is no pile-up (multiple vertex) problem in the event 
display - from which we learn a lot. 

7.1 The CDF Z^Z^ Event 

The event [30] (R/E 147806/1167222) of interest is, in fact, a high muhiplicity 
event of the kind anticipated in Section 5 and illustrated in Fig. 3. It was recorded 
in 2004 and is shown in Fig. 16. 

There were two central positrons and two plug electrons which, when combined 
as indicated (e^j, with e~j,), give unambiguous Z^ masses that are given in [30] as 91 
and 92 GeV, with the pair mass, given as 194 GeV, being just above threshold. 
The event was initially counted in the CDF Z°-pair sample but it was subsequently 
discarded because one of the electrons is insufficiently isolated. It was not included 
in cross-section estimates until the analysis of [4]. (It is the first event in the table 
of Fig. 19 - with the kinematic details updated in only a minor way.) Given the 
accumulated luminosity at the time, a four electron event would be a very rare event 
within the Standard Model, suggesting that it might well be part of a cross-section 
that is being missed altogether. 

From our viewpoint, this event has several important properties. Firstly, when 
the Et cut-off is set at 500 MeV, as in Fig. 16(c), only a small number of accompanying 
particles is seen. When this cut-off is lowered to 100 MeV, as in Fig. 16(d), a very 
large number of particles (> 70) appears, covering a large part of the rapidity axis 
away from the produced electrons. Clearly, a high multiplicity, small p_L, event of 
the kind discussed in previous Sections is accompanying the vector boson production. 
As we have emphasized, a large cross-section for events of this kind, is just what 
is predicted when the sextet quark sector is responsible for electroweak symmetry 
breaking. So could such a cross-section have been missed at the Tevatron, in part 
because of the general lack of interest in the small p_L component of events? 
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Figure 16. A High Multiplicity Z^Z^ Event at the Tevatron (a) event profile with 
Pt > 200 MeV (b) event details given in [30] (c) (mirror reflected) lego plot with 
Et > 500 MeV (d) Et > 100 MeV (e) production region. 

7.2 Similar Events Could Have Been Missed 

First we note that pile-up has eliminated the possibihty to use event displays 
to discover events of the kind of Fig. 16 during the subsequent part of Run 2. Very 
regrettably, from our perspective, the luminosity increase has resulted in multiple 
vertices appearing in every event display. An example is provided by the high mass 
CDF event shown in Fig. 17 in which it is clear, from Fig. 17(a), that there are at least 
two additional vertices. In this case, it is surely impossible to distinguish calorimeter 
energy deposits from central region soft particles associated with the vertex of interest 
and non-central soft particles associated with the other vertices. 

The event shown in Fig. 17 is one of the two most spectacular high mass CDF 
events discussed below. It has appeared in all the pubhshed analyses [28, 29, 4] and 
is listed^^ with Mzz = 329 GeV in Fig. 19. The earliest published lego plot [28] of 
associated particles is shown in Fig. 17(b). Accepting that this does not simply reflect 
the multiplicity of small p± particles associated with the vector boson production 
vertex it is, nevertheless, worrisome that there is no sign of the high Et jets that the 
more sophisticated tracking of [4] has detected as associated with this vertex. 

^^The kinematic details of this event have evolved with each appearance. Increases in the smaller 
Z boson mass and the largest lepton p± have increased Mzz from 311.9 GeV to 329 GeV. 



28 



(a) (b) 

Figure 17. A High Mass Event Seen by CDF (a) the r-z display 
(b) the earhest lego plot 



It is instructive, therefore, to consider just what can be learnt from the proper- 
ties of the "unpolluted" event displayed in Fig. 16. The event was discovered serendip- 
itously and, unfortunately, at the time it was considered impossible to search for other 
similar events. The associated (small Et) multiplicity was simply not recorded as an 
interesting quantity in vector boson events (although it could have been) and so it 
could not be searched on. A major re-recording of events would have been needed. 
Also, it might be expected that, in general, similar events with a large associated mul- 
tiplicity would have even worse containment problems for the leptons than those that 
led to the rejection of the Fig. 16 event. In addition, this event has other properties 
that imply very similar events could easily not be recognized. 

From Fig. 16(a), and the event details given in Fig. 16(b), it is clear that 
the production angles for the original Z pair are further in the plug than either 
of the electrons and so were close to the edge of the detector. The two electrons 
were only just detectable inside the plug and so (hypothetically) if the Z's had not 
decayed, producing wide angle electron pairs, they would have gone "forward" as 
produced "sextet pions" . Without calculating the complete details, it is obvious that 
the production directions for the Z's must have been, roughly, in the yellow area shown 
in Fig. 16(e) (with rj close to 3). There is a high multiplicity of additional small p± 
particles covering the entire central rapidity region, apart from from an interval close 
to the production process. (This could well be an effect of gluon exchange linking 
the sextet and triplet states mentioned in Section 3.) Given the large energy deposit 
in the forward region that includes the Z pair production, it is possible that there 
was also another small p± state on the very forward side of the produced pair, as 
anticipated in Section 5. 

While Standard Model production is a parton model process that is, neces- 
sarily, predominantly in the central rapidity region, we do not expect this to be the 



29 



case for the enhanced (sextet pion) production of longitudinal pairs. There need only 
be a sufficient rapidity interval on either side of the production. For Z pairs (or W 
pairs) produced even further forward than in Fig. 16, at least some of the produced 
leptons would not be detected and so, obviously, such events would not have been 
seen by CDF. Note also that the hmitations on muon detection are such that if muons 
replaced the plug electrons in the current event, they would not have been detected 
and they certainly would not have been detected for further forward produced pairs. 

Hadronic decays that produce quark jets will not be identified for either Z or 
W pairs and the neutrinos, that arc a major presence in W pair decays and also can be 
produced by Z pair decays, will not be detected at all when the boson pair is produced 
towards a forward region. Clearly, there could be a large cross-section for (towards) 
the forward direction production of vector boson pairs that has been missed entirely 
at the Tevatron. Such events could, however, be a significant component of the high 
multiplicity and small p± cross-sections seen by the LHC detectors and discussed in 
Section 4. The question, which we discuss further in the next Section, is how well the 
vector boson component can be detected at the LHC. 

7.3 Monte Ccirlo Models For Vector Boson Pair Production 

There were lepton plus dijet events seen[31] at UAl that suggested electroweak 
vector boson pairs were being produced with a cross-section almost [32] two orders 
of magnitude above the Standard Model value. It was natural to expect that the 
Tevatron would amplify this discrepancy. Indeed, in the very first CDF run (Run 0) 
there was a very clear ZZ — )■ e+e" -|- 2 jets event that also seemed to forecast a large 
cross-section. 

Subsequently, it was reahzed that the central region W -|- 2 jets cross-section 
produced by QCD is so large at the Tevatron that separation of the vector boson pair 
cross-section in which one boson decays to dijets is very difficult. Only recently, has 
it been claimed[33] that this cross-section can be extracted and that it is consistent 
with the Standard Model. Unfortunately, this extraction involves the heavy use of the 
Monte Carlo models which have now been shown to dramatically underestimate the 
high multiplicity production of small transverse momentum particles. If this particle 
production is sometimes associated with large rapidity vector boson pair production, 
as we have just discussed, then these models will not be reliable for extracting the 
signal being searched for from the background. (Indeed, the vector bosons will, most 
likely, be missed much of the time.) It seems likely that this problem is sufficiently 
severe that it interferes with the task of separating new physics corresponding to an 
excess cross-section for W -|- 2 jets. It is possible that the new physics that has been 
seen in a recently published analysis [34] is simply (part of) an excess vector boson 
pair cross-section of the kind that I am arguing for. 
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7.4 The rja in the Z Pair Cross-Section 

Very recently, CDF has published [4, 5] the results of a search for high mass 
resonances decaying into a Z pair. As we noted above, some remarkable events have 
been accumulated. As shown in Fig. 18(a), there is a cluster of four events that are 
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Figure 18. ZZ — )■ Four Charged Leptons (a) CDF mass spectrum (b) DO mass 
spectrum(c)p_L(ZZ) for the high mass CDF events (d) Jets in CDF events (d) 

very close in mass, with rrizz ~ 328 ± 7 GeV. Moreover, this mass is at, or very 
close to, the top-antitop quark threshold. The threshold mass is, of course, not 
unambiguously defined but the latest "pole mass" , determined from the cross-section, 
gives rriu ~ 332 ± 14 Gev. In Fig. 18(b), a comparable DO plot [5] shows two similar 
high mass events, one close to the top threshold and one just above this threshold. 
Taken together, these events suggest that, if there is a (broad) resonance, then it 
could indeed be at the top threshold. 

In the next Section, we will discuss high mass events seen by ATLAS and CMS 
which encourage, even if they do not yet confirm, the same conclusion. 
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As can be seen from Fig. 18(c), the high mass CDF events are also character- 
ized by an "electroweak scale" p±{ZZ) which is balanced by either one or two high 
Et jets, as shown in Fig. 18(d). The table in Fig. 19 gives details of all the eight 
events found. The two most spectacular events, with ZZ masses of 329 and 325 GeV, 
have p±{ZZ) > 100 GeV, have one or both Z's with p±{Z) » 100 GeV, and have 
two large Et jets. The four muon event, with a mass of 329 GeV, corresponds to the 
event display in Fig. 17. The accompanying jets have, presumably, been located via 
the superior tracking utilised in [4]. The more elaborate event selection procedure 
has also led to the inclusion of the Fig. 16 event which, as we noted earlier, is the 
first event in the Fig. 19 table. 
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Figure 19. Kinematic Details for the Eight Events Found in [4]. 

It is clearly plausible, if not likely, that the large mass events are produced 
by new electroweak scale dynamics. In Section 11 we will propose that top-antitop 
production is via the tjq sextet quark resonance. The appearance of this resonance, 
at the right mass, in the ZZ cross-section would be a major confirmation of this 
proposal. That the r]Q is a pseudoscalar could, perhaps, be related to why CDF do 
not see corresponding jet and neutrino events and could even lead to a smaller pp 
cross-section, relative to the pp cross-section. 

8. Sextet Quark States at the LHC 

Given that the LHC energy is above the knee and that, moreover, the discus- 
sion in Section 6 suggests that, most likely, this energy is also above the threshold 
for the production of sextet states in proton-proton interactions, we might expect 
to see more ZZ events like that seen by CDF. Even though, the cross-section may 
still be relatively small it would seem, at first sight, that increased rapidity coverage 
and improved detection of small p± particles should lead to the recording of a signifi- 
cant number of events with properties approaching those desired. Unfortunately, the 
rapidity range available for the production of forward vector boson pairs has signif- 
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icantly increased relative to the Tevatron. As a result, there could easily be a large 
rapidity cross-section that would be almost entirely missed just because of current 
detector capabilities. 

Nevertheless, even with the limited rapidity coverage, we might still expect to 
see an excess cross-section composed of "non Standard Model" ZZ events, were it not 
for the insidious problem of pile- up. Before discussing this problem we consider the 
"first ZZ event" seen by CMS. 

8.1 The First CMS Z^Z^ Event 

The first Z^Z^ event recorded by CMS created a big stir when it was published. 
Fortunately, it was recorded in the very early days before the big luminosity build-up 
began. Consequently, we have beautiful event displays without the contamination of 
additional vertices and we can see that the four muon event [35], shown in Fig. 20, is 
remarkably clean compared to what would be expected for a Standard Model event. 




Only tracks with Pt>1 GeV are displayed 



(a) p_L > 1 Gev (b) No pj_ cut-off 

Figure 20. The First CMS Event - a Four Muon Event 

Imposing a 1 GeV p_L cut-off, as in Fig. 20(a), only two additional (relatively 
small j9^) particles remain. After removal of the cut-off there are, as can be seen 
in Fig. 20(b), twenty additional low particles, with an average pj_ of 0.6 GeV, 
that split into two components with momenta in the two forward directions. The 
multiplicity and of the associated event are, therefore, close to the average for the 
minimum bias events discussed in Section 4. 

From Fig. 20(a), it is clear that both Z bosons were produced with very central 
rapidities. Consequently, the multiplicity of the two low components is compa- 
rable with the multiplicity of particles in the immediate rapidity region surrounding 



33 



the ZZ pair production in the Tevatron event of Fig. 16, discussed in the previous 
Section. Presumably, there could be more low pj_ particles in the adjacent rapidity 
intervals that would make the two observed components part of higher multiplicity 
configurations similar to that seen in the Tevatron event. Since the p±{ZZ) is also 
very low, ~ 3 GeV, there is no evidence that this was a hard scattering event. Clearly, 
we would like to conclude that the event is indeed a sextet pion production event of 
the kind that we are looking for. 

Even though we don't know, from the published information, how big the 
adjacent multiplicities were for the Fig. 20 event, it is clear that this event and the 
Tevatron event share many characteristics. If electroweak symmetry breaking via the 
sextet quark sector is indeed at work, there should be very many more events of this 
kind at the LHC and, moreover this number should increase rapidly with energy. 

8.2 Many More Events? 

Recent ZZ event plots from CMS and ATLAS, published as part of the Higgs 
search, are shown in Fig. 21. (I have removed events below the ZZ threshold.) 



CMS Preliminary 2011 



\/s = 7TeV L= 1.66fb"' 



> 

o 

'b 

> 

LU 




400 500 600 
[GeV/c^] 



lOp-r 

9^ 



T' ' I " ' ' I ' ' ' ' I ' ' ' ' I " " I ' 
Ldt = 1 .96-2.28 fb'^ 



ATLAS Preliminary 




Data 



150 200 250 300 350 400 450 500 550 600 

m4i [GeV] 



(a) (b) 
Figure 21. ZZ Events Recorded by (a) CMS and (b) ATLAS 



The accumulated luminosity for ATLAS is close to 2 fb~^ while that of CMS is not 
much lower.. The accumulated CMS luminosity when the Fig. 20 event was recorded 
was only ~2-3 pb^^ and so, naively, we would expect that this event should be part 
of a large cross-section that would have accumulated ~ 500-1000 additional events at 
this point. In Fig. 21, we see only 14 additional events. Consequently, as with the 
CDF event of Fig. 16, the event of Fig. 20 is either a spectacularly rare event that, a 
priori, should not have been seen, or it is part of a cross-section that is being missed 
altogether. 
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Events that cleanly produce two central Z bosons, as in Fig. 20, will certainly 
be relatively rare. There will, presumably, be events in which all the charged leptons 
are contained within the central detectors but, one or more of them suffer from 
isolation problems. In general, if the vector bosons are produced across a wide part 
of the rapidity axis (extending well outside of the central detectors) then, obviously, 
even when only charged leptons are produced, they will not all be detected and the 
nature of the event will surely not be recognized, even before we take the pile-up into 
consideration. 

8.3 Pile-Up 

Assuming that W pairs producing one or more neutrinos outside the central 
region have no chance of detection, the crucial question would appear to be whether 
there is any possibility to detect events which combine the production of large numbers 
of small p± particles with the production of Z boson pairs across at least some part 
of the rapidity axis? Unfortunately, the huge increase in pile-up would seem to imply 
that the answer must be no. Even when the Z bosons can be detected, it is surely 
impossible to uncover detailed properties of the accompanying soft hadrons. An 
example of a CMS event with pile-up is shown in Fig. 22(a). The complexity is, 
as expected, much worse than produced by the Tevatron pile-up in Fig. 17(a). The 
contrast with the event displays shown in Fig. 20 is striking, not surprisingly. 

At first glance, the left side of the event display in Fig. 22(a) shows five vertices 
in the event. However, a close study of the upper right p-0 plot shows at least as 
many as ten vertices. The frequency of the number of vertices appearing in the full 
data set is shown in Fig. 22(b). The task of associating even the largest p± particles 
to the originating vertex is clearly a major tracking plus timing problem and so it is 
surely impossible to determine any properties of associated high multiplicities of soft 
(or even semi-soft) hadrons via calorimeter deposits (or tracking). 
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8.4 A Discovery That Might Have Been? 

Ironically, if the LHC had been run at the luminosity which produced the event 
of Fig. 20 and if, hypothetically, additional events occurred at the frequency implied 
by this event's occurence, CMS would have accumulated almost as many events. The 
events would clearly be "Beyond the Standard Model" and we would have beautiful 
event displays within which associated soft hadron multiplicities could be studied. 

Of course, the non-existence of the Higgs would not have been "discovered" . 
Moreover, if the current theory paradigm is to be overturned, as I have already 
emphasized (and will discuss further later) is essential for the acceptance of QUD, 
the Higgs non-discovery surely has the most immediate significance. 

8.5 The ATLAS and CMS Events and the rje- 

The best evidence that we can expect for sextet symmetry breaking, as long as 
the luminosity is extremely large, is that there is an excess Z pair cross-section that 
is not entirely buried by the pile-up and that contains events that are, in some way, 
beyond the Standard Model. Ideally, this cross-section should be, close to, rapidity 
independent and also favor lower transverse momentum. Most importantly, of course, 
we would very much like to see the rjQ in this cross-section. 

From Fig. 21, we sec that both ATLAS and CMS have recorded events that 
extend over a considerably larger mass range than is expected in the Standard Model. 
In particular, ATLAS and (to a lesser extent) CMS see very high mass events, with 
Mzz > 450 GcV. that should be very rare in the Standard Model. Clearly, this could 
signal the existence of a high mass cross-section that is indeed "Beyond the Standard 
Model" . Both experiments also have events that are above the Standard Model mass 
range and are in the neighborhood of the tt threshold that, as we have indicated in 
Fig. 21, might be early indication of an rje signal. 

Kinematic details for almost all of the CMS events are given in Fig. 23. The 
first hsted event is, as we noted earher, the "first ZZ event" that is displayed in 
Fig. 20. That it has the smallest p±{ZZ) of all the events seems to be in accord with 
our interpretation of it's significance. The two largest rapidity events also have small 
P_l(ZZ). It is particularly interesting that the two events with masses closest to the tt 
threshold have very large p±{ZZ), comparable with the large mass CDF events. As 
we remarked, in discussing these events, it is surely plausible, if not likely, that all of 
these events are produced by new electroweak scale dynamics responsible for the rje 
resonance. 

In the large majority of events that contain vector boson decays accompanied 
by a high multiplicity of additional soft particles, the decays will involve quarks or 
(much less often) neutrinos, and so will have very little chance of being recognized. 
Events of this kind could, however, be contributing significantly to the unexpected 



36 



excess of events with large momentum leading particles recorded in Fig. 12(a). 
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Figure 23. CMS Event Details 



8.6 Additional Evidence 

Additional evidence for sextet electroweak symmetry breaking, besides multi- 
ple Z°'s with high associated multiplicities, may be harder to obtain. In principle, 
NqNq pair production, accompanied by large rapidity hadron states could be seen. 
However, this is clearly impossible if the low energy Nq hadronic cross-section, for 
collisions in a calorimeter, is zero - as we have argued is an essential part of the iden- 
tification of neusons as dark matter. Even if it were not, the confusion created by the 
accompanying particles, together with the fact that, in the pile-up, missing energies 
of several hundred GeV (carried by neutrinos) will be relatively common, would make 
the detection impossible. A priori, proson-antiproson (Pe-Pe) pairs should be iden- 
tifiable via their electromagnetic interaction - assuming the Pq is not too unstable, 
although a massive charged particle with a large production cross-section will not be 
immediately identified with the sextet sector. 

8.7 The Double Pomeron Cross-Section 

I have argued, for several years now, that the double pomeron cross-section 
could actually provide the most definitive evidence for the existence of the sextet 
sector. This could still be the case, if the collaboration between TOTEM and CMS, 
that has continued to be mentioned as a long term goal, could be realized. The CMS 
detector has to be active during a special purpose, low luminosity, TOTEM run. 

With the pomerons detected via Roman pots, the environment is clean and 
well controlled. As (triplet quark) pion pairs dominate the double pomeron cross- 
section at low mass, W and Z pair production should dominate the cross-section 
at the electroweak mass scale (in general, with some number of associated small 
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Pj_ hadrons). Consequently, some spectacular events should be expected, in which 
protons arc tagged and (essentially) only large Et charged leptons are seen in the 
central detector. 

The observation of a significant double-pomeron cross-section for W and Z 
pairs would unambiguously imply that the longitudinal components of the W and 
the Z have direct strong interactions. The only known possibility for this is the 
existence of the sextet sector. There could also be events that appear to be double 
pomeron production of a single Z^, with one of the pomerons actually being a photon. 
The cross-section would be much smaller, but this would clearly be direct evidence 
for the sextet sector that would be difficult to provide an alternative explanation for. 

A direct search for "dark matter" would obviously be highly desirable.. The 
cross-section for doublc-pomcron production of stable NqNq pairs (with a pair mass 
> 1 TeV) might, just possibly, be large enough that it will be definitively seen by the 
forward pot experiments when the LHC energy is maximized. It will be a spectacular 
process to look for. Tagged protons would determine that a very massive state is 
produced, while no charged particles are seen and there is also (almost) no hadronic 
activity in the central calorimeter. Of course, if the Pg is relatively stable, and not 
too different in mass from the Nq, it would be much simpler to first detect Pe-Pe pairs. 

9. Massless QCD^ 

I refer to the the special version of QCD obtained by adding two sextet fiavors 
to six triplet fiavors as*^ QCD^. 

9.1 The Critical Pomeron 

Initially (~ 30 years ago), I beheved[36] that QCD5 had all the features 
needed to produce Critical Pomeron high-energy behavior, independently of the 
quark masses. Asymptotic freedom saturation implies, firstly, that no further quarks 
can be added to move the theory closer to the critical surface. It also allows an 
asymptotically-free scalar field to be added, and smoothly decoupled, that produces 
a color superconducting phase that contains the first dynamical element of the Su- 
percritical Pomeron, i.e. a single reggeized massive vector particle. I argued that, 
after the summation of reggeon infra-red divergences in the superconducting phase, 
a pomeron rcgge pole that is exchange degenerate with the vector reggeon (as a 
supercritical pomeron condensate requires) would be produced by 

"an SU(2) color zero cloud of uniformly soft gluons with t that accompanies 
the vector reggeon without screening it's own infra-red singularity" 

■'■■'■The S denotes either "sextet", or "saturated" (asymptotic freedom), or simply "special". 
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I also argued that the cloud/condensate should be present in all bound-states. If the 
supercritical theory could be constructed, the decoupling of the vector reggeon, as 
the full SU(3) color symmetry is restored, would give the critical theory. 

After many years of trying various formulations and different approaches aimed 
at correctly reproducing the supercritical theory, it eventually became clear[37] that, 
"an SU(2) color zero cloud of uniformly soft gluons" must indeed appear in both the 
pomeron and all bound-states, but it has to result from the color symmetry breaking of 
a wee gluon condensate that is already present in unbroken QCD^. Unavoidably, this 
requires a massless quark infra-red fixed point, together with the anomaly dynamics 
involving reggeon interaction anomaly poles that I describe next. As a corollary, it 
appeared that the Critical Pomeron could occur only in massless QCD5, making it's 
appearance in a massive hadron theory seem very unlikely, if not impossible! 

9.2 The QCD5 S-Matrix 

At first sight, any physical relevance for massless QCD^ seems problematic. 
This theory is maximally inside the "conformal window" where it is commonly an- 
ticipated that there are no particle states. In fact, this anticipation is based on the 
existence of off-shell scattering amplitudes to which a renormalization group analysis 
can be applied and which, a priori, should contain the physical spectrum. In princi- 
ple, a QCDs' bound-state S-Matrix produced by anomaly dynamics, for which there 
are no off-shell amplitudes, could exist without contradiction. 

An additional problem for massless QCD5 is, however, that it has both a 
very large triplet quark chiral symmetry and a sextet quark chiral symmetry. Conse- 
quently, a possible S-Matrix would have to contain many massless Goldstone bosons, 
with whatever infra-red problems this would lead to. Fortunately, a resolution of 
this problem is provided by the embedding of QCD^ in QUD. As we discuss in the 
next Section, QUD is both a massless field theory with all the infra-red fixed-point 
properties needed to obtain the Critical Pomeron and an S-Matrix theory which has 
no exact chiral symmetries and so contains only masssive particles. 

A priori, the construction of a "non-perturbative" S-Matrix that has no start- 
ing off-shell approximation is a forbiddingly difficult challenge. Very fortunately, 
QCD5 and QUD share some special properties that allow multi-regge theory to be 
used (only in outline, so far) to construct high-energy states and amplitudes. I first 
applied the following procedure to QCD^, before realizing that the existence of a 
QUD S-Matrix is, as a matter of principle, straightforward compared to the issues 
involved if we needed to actually construct an S-Matrix for QCD5. Nevertheless, be- 
cause of the much simpler algebraic structure and because the results can be carried 
over directly to QUD, we begin our description of how infra-red anomalies produce 
S-Matrix amplitudes by discussing QCD5. 
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9.3 Di-Triple-Regge Amplitudes 

I construct high-energy bound-state amplitudes from perturbative reggeon di- 
agrams containing reggeized quarks and gluons. Reggeon diagrams are transverse mo- 
mentum diagrams that also contain angular momentum propagators for the reggeons 
involved. Each diagram sums the high-energy behavior of an infinite sum of feynman 
diagrams. 

My construction is carried out in the di-triple regge kinematic region. In 
this multi-regge region there are sufficient large light-cone momenta that "universal 
wee partons", produced by k± infra-red divergences of the reggeon diagrams, can 
simultaneously play a vacuum-like role in all the reggeon channels producing bound- 
states and also in channels producing an interaction exchange. Initial reggeon masses 
and a k± cut-off are essential. Their removal creates the divergences that produce the 
wee partons of the massless theory. Moreover, it is the manner of this removal, most 
importantly the color symmetry is first restored to SU(2), that crucially resolves the 
(light-cone) Gribov ambiguity [38]. 

Because many internal feynman diagram lines are placed on-shell by the multi- 
regge limit, effective reggeon interactions are generated that contain triangle dia- 
grams. It is crucial that the infra-red triangle anomaly occurs only in reggeon interac- 
tions that connect reggeons in different (rapidity and transverse momentum) reggeon 
channels. As a consequence of the removal of fermion masses, triangle anomaly dia- 
grams generate anomaly poles [3] produced by chirality transitions corresponding to 
zero momentum Dirac sea shifts involving positive to negative (or vice versa) zero 
energies. 

At first sight, chirality is conserved in zero mass triangle diagrams - producing 
a well-known conflict between the axial-vector anomaly and vector current conserva- 
tion. As a result, it appears that the infamous problem of the regularization of 75 
amplitudes enters the reggeon diagram amplitude construction process. Fortunately, 
and sufficiently for our purposes, it can be shown [3] that vector current conservation 
plus the axial anomaly implies unique massless infra-red anomaly pole chiral am- 
plitudes containing chirailty transitions. The pattern of the fermion mass removal 
determines the reggeon interactions in which the anomaly poles occur. 

In color zero amplitudes there is a cancelation of all infra-red divergences pro- 
duced by the removal of gluon massses, apart from gluon divergences that couple 
via anomaly pole chirality transitions. The divergent wee gluon reggeons carry zero 
transverse momentum and, because thay couple via anomalies, necessarily have oppo- 
site color and space parities. Therefore, we refer to them as "anomalous wee gluons" . 
The infra-red flxed-point safeguards the divergence in large classes of diagrams of the 
form shown in Fig. 24, that (after the divergence is subtracted) provide the physical 
amphtudes of the theory. 
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bosons A = ANOMALY VERTEX 

K = REGGEON KERNEL 

Figure 24 A Di- Triple Regge Amplitude in Both QCD5 and QUD 

Note that, in Fig. 24, the anomaly vertices occur only in external vertices, vertices 
connecting the bound-state and interaction channels, and vertices connecting the wee 
partons in the bound-state channels to interctions in the interaction channel. 

All bound-states contain chiral Goldstone boson anomaly poles from the ex- 
ternal vertices. Using the intermediate state of the triangle diagram, an anomaly pole 
can be described as a quark pair state with one of the pair in a zero momentum, neg- 
ative energy, state. Alternatively, using the final state produced, it can be described 
as a physical reggeon state containing physical quark reggeons plus anomalous wee 
gluons. In the first case, bound-states can be described as having only a quark con- 
tent, while in the second case the anomalous wee gluons appear universally in both 
bound-states and interactions and obviously play a vacuum-like role. Mesons contain 
only anomaly poles, while baryons contain an additional quark reggeon. 

9.4 SU(3) Color Restoration 

Only SU(3) color zero states survive when the full color symmetry is restored 
and the SU(2) subgroup is effectively randomized (averaged over) within SU(3). 
Anomalous wee gluons survive in SU(2) color subgroups and combine with dynami- 
cal reggeons to produce a color zero projection in each channel. That the Pomeron 
becomes Critical can be established by a direct construction of the Supercritical 
Pomeron before the SU(3) symmetry is restored. 

The simplest contribution to a "pion" scattering amplitude involving "pomeron" 
exchange is shown in Figure 25. As illustrated, the wee gluons appear in both the pi- 
ous and the pomeron via anomaly vertices involving zero-momentum quark chirality 
transitions. In addition, for the pion, there is a longitudinal gluon exchange allowed 
by the Gribov ambiguity. The full pion coupling to the pomeron also contains a 
perturbative coupling of the dynamical quark and gluon reggeons that are involved. 

Clearly, the construction can not be extended down to the finite energy region 
and so the high-energy amplitudes have to be regarded as boundary conditions that, 
in effect, determine the spectrum and interactions of the full finite momentum theory. 
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Figure 25. Pion Scattering in Massless QCD5 
The final outcome can be summarized as follows. 

• The only bound-states are pseudoscalar mesons and baryons, formed 
(separately) from triplet and sextet quarks. 

• There are NO hybrid sextet/triplet states, 

• There are NO glueballs, NO BFKL pomeron, and NO odderon. 

• All reggeon states and interactions contain infinite sums of anomalous wee glu- 
ons coupled via anomaly color factors. 

• The pomeron is a factorized (isolated) regge pole - a gluon reggeon plus anoma- 
lous wee gluons - that becomes Critical via interactions. 

• Anomaly color factors imply sextet high-energy cross-sections are much larger 
than triplet cross-sections. 



The above results are at variance with conventional expectations for high- 
energy QCD. There is a dramatic selection of just a minimal part of the degrees of free- 
dom of the underlying field theory and so there are many fewer states (than requiring 
just confinement and chiral symmetry breaking) and the interaction is much simpler. 
It has to be emphasized, however, that both features are strongly suggested[17, 39] 
by experiment! 

If sextet pions become the longitudinal components of massive electroweak 
bosons, the sextet baryons (prosons, antiprosons, neusons and antineusons) are the 
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only new states. As we will return to in the last Section, the r/g aquires an electroweak 
scale mass by mixing with the (daughter of the) pomeron. The Nq neuson is stable 
because electric charge makes the Pq proson heavier. The very strong, very short 
range, QCD self-interaction implies the NeS could form "dark matter clumps". 

9.5 Large Rapidity Multiparticle States 

Fig. 25 illustrates how regge region bound states and interactions are generated 
in full amplitudes. For the purposes of this paper, it is necessary to extend the 
arguments to the generation of the imaginary parts of amplitudes via large rapidity 
intermediate states, as illustrated in Fig. 26. 
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Figure 26. Anomalous Wee Gluons in Large Rapidity Soft Hadron States 
(a) the Total Cross-Section (b) Triple Pomeron Processes (c) the Central Plateau 

The arguments in the early Sections of this paper rely on the build-up of the cut 
pomeron as illustrated in Fig. 26(a). The corresponding formation of triple pomeron 
amplitudes is illustrated in Fig. 26(b) and the corresponding central region production 
is illustrated in Fig. 26(c). In leading logs the cut gluon reggeon is simply reproduced 
via the well-known (and extensively established [40]) reggeon bootstrap. It is this 
bootstrap that determines that the gluon reggeon is an isolated regge pole. The 
anomalous wee gluons have the highly desirable effect of transforming the reggeon 
bootstrap into a multiperipheral bootstrap for the isolated regge pole pomeron. 

The main point illustrated by Fig. 26 is that the anomalous wee gluon diver- 
gence also occurs in high multiplicity large rapidity production amplitudes. Even 
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though we can not (straightforwardly) use multi-regge theory to obtain details of in- 
dividual hadrons in the produced state, large anomaly couplings are possible if gluon 
exchanges provide the final coupling to the fermion loop containing the anomaly. 
There is, however, even more that is not understood about anomaly couplings of this 
kind than the couplings that appear in amplitudes of the form of Fig. 24. For the 
present, we can say only that consistency demands that processes take place as illus- 
trated in Fig. 26. This is an essential component of the argument that sextet states, 
most particularly the sextet pions that are the longitudinal components of the elec- 
troweak vector bosons, should couple strongly to the large rapidity, small transverse 
momenta, states that are produced so prohfically at the LHC. 

10. The QUD Bound-State S-Matrix. 

Initially, Kyungsik Kang and I discovered [2] QUD simply by looking for a 
unified theory that contained the sextet quarks needed for electroweak symmetry 
breaking. At first wc assumed that we had discovered a conventional "Grand Unified 
Theory" and tried for some time to find a dynamical framework that would relate 
QUD to the Standard Model in a conventional manner. Only after I finally under- 
stood the anomaly dynamics of QCD, did I realize that the same dynamics could 
provide a physical solution for QUD that I was astonished to find might actually be 
the Standard Model. I also realized, with great satisfaction, that, although Critical 
Pomeron production via anomaly dynamics appears to require massless quarks, ef- 
fective quark masses within bound-states - that do not disturb the dynamics - would 
be produced by the embedding of QCD^ in QUD. Within QUD, we could have not 
only massless quarks and leptons that give rise to infra-red anomaly couplings, but 
also massive constituent quarks and massive physical leptons. 

10.1 QUD 

There is just one unitary gauge theory, that is anomaly free and asymptot- 
ically free, that contains both the electroweak and QCD interactions, and has a 
fermion representation that contains the sextet sector required for electroweak sym- 
metry breaking. It is [2] 

QUD = SU(5) gauge theory with left-handed mcissless 

fermions in the representation R = 5 © 15 ® 40 © 45*. 

Under SU{3)c ® SU{2)l » U{1) 

5 = [3, 1, -If + [1, 2, 1]=^ , 15 = [1, 3, 1] + [3, 2, l]i + {6, 1, -|}# , 
40=[1,2,-|]3 + [3,2,1]2 + [3M,-|] + [3*,3,-|] + {6*,2,l}# + [8,l,l] , 
45* = [1, 2, + [3M, |] + [3*, 3, |] + [3, 1, -|] + [3, 2, Tf + {6, 1, |}# + [8, 2, -|] 
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As requested, the sextet quarks {...}* have just the right quantum numbers for sextet 
"pions" to provide the longitudinal components of the electroweak vector bosons. 
Remarkably, both the triplet quark and lepton sectors, for which no request was 
made, are amazingly close to the Standard Model. 

Under the same decomposition, the gauge bosons give 

24= [1,1,0] + [1,3,0] + [3*,2,|] + [3,2,-|] + [8,1,0] 

and so they can directly transform triplet quarks, but not sextet quarks, to leptons. 
This is why massive quarks would be generated (by self-energy corrections) as a 
component of a (Standard Model?) effective lagrangian if the bound-state massive 
physical leptons that we obtain below could be introduced by "integrating out" the 
elementary massless leptons. 

QUD is real (vector-like) with respect to SU{3)®U{l)em and actually contains 
QCD5 in it's entirety. There are three generations of quarks with charges (2/3, - 
1/3) - denoted by superscripts 1,2,3 - and corresponding antiquarks with charges 
(-2/3, 1/3). The SU(2)l eg) U{1) quantum numbers do not quite match those of the 
Standard Model quarks and so it is crucial that, as we will come to, the physical 
SU{2)l symmetry is distinct from (although related to) the QUD subgroup. The 
presence of the higher charge quarks and antiquarks will be important for the top 
physics discussed in the next Section. For the three generations of leptons, similarly 
labeled by superscripts, the SU{2)l ® U{1) quantum numbers are also not quite 
right. However, the lepton anomaly is correct - allowing the physical lepton spectrum 
to emerge within an S-Matrix in which all the elementary leptons and quarks are 
confined and massless. The octet quarks play a fundamental role in the emergence of 
bound-state lepton and hadron generations with Standard Model quantum numbers. 

10.2 Di-Triple-Regge Amplitudes in QUD 

To provide a minimal background for the discussion of the QUD hadronic 
spectrum in the next Section, we provide a brief recap of what is already only an 
outline multi-reggc construction of QUD states and amplitudes in [3]. Again the di- 
triple regge region is utihsed and, as for QCD5, we start with masses for all reggeons 
and a cut-off A_l, the manner of the removal of which is crucial for the production of 
anomaly vertices. 

A combination of 5©5* and 24 scalar VeV's has to be used to give masses to 
all the fermions. (The 5 couples the 15 to the 40*, the 5* couples the 40 to the 45, 
and the 24 couples the 5 to the 45.) This identifies particle/antiparticle pairs and so 
determines the chirality transitions that produce triangle diagram anomaly poles in 
the massless theory. For the gauge bosons we use only 5©5* VeVs, so that a smooth 
massless limit can be anticipated via complementarity. The fermion mass scalars are 
decoupled first, leaving chirality transitions that break SU(5) to SU(3)c<E)U(l)em, in 
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anomaly vertices only. The subsequent successive decoupling of gauge boson scalars 
gives global reggeon symmetries SU{2)c — )■ SU{4) — )■ SU{5). The last scalar to be 
removed is asymptotically free, allowing Aj_ — ?> oo before the SU(5) limit. 

The SU(2)(7 limit gives amplitudes of the form already shown in Fig. 24. The 
anomaly vertices A break the SU(5) gauge symmetry to SU(3)c®U(l)em and con- 
tain anomaly poles. The normal reggeon kernels K survive when the gauge boson 
SU(5) symmetry is restored only if they couple reggeon states that have an SU(5) sin- 
glet projection that allows them to contribute to infra-red finite amplitudes. At this 
stage, the anomaly pole bound-state hadrons are massless Goldstonc bosons associ- 
ated with the separate chiral symmetries of the quark sectors. Via the 5 © 5* chirality 
transitions, reggeon states containing SU(2)c anomalous wee gluons produce chiral 
Goldstones (7rc's),that are "5^ mesons", or "qq nucleons", or "qq nucleons", with 
the quarks q being 3's, 6's, or 8's under SU(3)c- The 8's have no SU(3)c anomaly, 
but they contain complex S\]{2)c chiral doublets that produce anomaly poles when 
only SU(2)(7 is restored. 

Very importantly, the higher charged triplet quarks and antiquarks do not 
have any chiral symmetry and so they do not form massless chiral Goldstone bosons. 
Presumably, they either form very massive resonances or do not contribute at all to 
the physical spectrum. 

10.3 Massive Electrowe£Lk Bosons 

The leading interaction exchanges contain an SU(2)c singlet massive vector 
boson (a gluon or a photon) accompanied by anomalous wee gluons. As for QCD5, 
the couplings to bound-states contain both an anomaly vertex involving wee gluons 
and a perturbative coupling of dynamical fermions to the exchanged boson, just 
as in Fig. 25. Elementary left-handed and Z° exchanges, accompanied by wee 
gluons, are exponentiated to zero via fermion loop interactions, but the 5©5* chirality 
transitions provide crucial wee-gluon vertex couplings to the ttc's (~ TTg's) and provide 
a mass that survives the SU(5) symmetry restoration, while also providing a sextet 
flavor quantum number that prevents the exponentiation. The perturbative coupling 
of the and Z° is retained, but only for doublets that provide the necessary anomaly 
coupling to the ttq. In the process, the SU(2)i symmetry becomes, effectively, the 
SU(2) sextet flavor symmetry. The 24 chirality transitions provide very important 
wee gluon triple pomeron vertices with the symmetry properties needed to produce 
the Critical Pomeron. 

10.4 SU(5) Color Restoration 

As first SU(4), and then SU(5), color is restored, the reggeon amplitudes for all 
left-handed gauge bosons that become massless are exponentiated to zero. The left- 
handed bosons survive, however, in the reggeon kernels. As a result, finite amplitudes 
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are produced when the direction of the symmetry breaking due to the initial mass- 
producing scalars is randomized within SU(5). 

The SU(4) singlet fermion reggeon states all have octet quark components (tts 
or r]s). They are 

Leptons - ttl + tts + elementary lepton — >■ 3 generations. 

Mesons - tts^b + ?78 , Baryons •<->■ additional quark. 

After the SU(5) symmetry is restored, the octet quarks form a real SU(3) represen- 
tation and so the corresponding infra-red anomaly pole residues vanish in all am- 
plitudes. However, the A_l — )■ oo limit (taken before the SU(5) limit) introduces 
a A;_|_ = oo octet anomaly contribution in all vertices. In bound-states, dynamical 
fermion reggeons combine with the k± = oo anomaly contribution, and adjoint rep- 
resentation anomalous wee bosons, to give an SU(5) singlet projection that leads to 
infra-red finite amplitudes. Combinations of three elementary fermions, two of which 
produce an anomaly pole, provide the SU{2) <SiU{l) representations 

(2,-|)l, or(2,|)R, or (1, 1)l , or (1, -1)r 

and SO 5 clS db result, there are both leptons and hadrons that form Standard Model 
generations. However, as we will describe in Section 11, there are only two Standard 
Model hadron generations. The third generation is more complicated. 

In first approximation, the pomeron is a gauge boson reggeon accompanied by 
odd signature anomalous wee gauge bosons and the photon is a gauge boson reggeon 
accompanied by even signature anomalous wee gauge bosons. Consequently, the 
massless photon is the odd-signature partner of the even signature Critical Pomeron. 
However, there is no "triple-photon" vertex and the photon does not have the anomaly 
couplings to hadrons that make the pomeron interaction so much stronger. 

10.5 The QUD S-Matrix and the Standard Model 

Details of the triplet hadronic sector will be discussed in the next Section, as 
part of the discussion of top quark physics. The interpretation of top quark physics 
is significantly different to the Standard Model. Nevertheless, I will argue that it 
may indeed be consistent with the observed experimental results while also being 
considerably more attractive philosophically. Consequently, the possibility is very 
real that the S-Matrix of QUD could provide an amazingly economic underlying 
unification for the Standard Model in which 

1. All elementary fermions are confined. The zero- momentum chirality transitions 
of the Dirac sea produce SU(5) — > SU(3)(8)U(l)em symmetry breaking. 

2. There is no Higgs !! All particles, including (Majorana) neutrinos, are bound- 
states with dynamical masses. 
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3. There are only Standard Model interactions. 

4. Physical lepton and hadron states are equivalent to those of the Standard Model. 

Beyond the known generations and the sextet quark sector that, potentially, 
solves the other outstanding mysteries of dark matter and clcctrowcak symmetry 
breaking, there is only the lepton-like octet quark sector, that is buried in all states in 
an infinite- momentum (light-cone) subtraction role that produces leptons and hadrons 
in Standard Model form, and the exotically charged quarks that play an important 
role in top physics. 

Clearly, there is much to be understood and an enormous amount of detail that 
has to be given, before we can unambiguously determine how the full anomaly-based 
QUD multi-reggc S-Matrix is built up via the complete set of reggcon diagrams that 
are a generalization of Fig. 24. In particular, a much more explicit description needs 
to be given of the symmetry restoring limits. However, it should be clear that, in 
principle at least, all the mixings and mass generation can be studied diagramatically, 
once the anomaly interactions are properly categorized. 

Although the physics of the QUD S-Matrix is both novel and radical, it is 
consistent with all established Standard Model physics and explains many puzzles. 
Unfortunately, the multi-regge theory that 1 use to uncover it is so erudite that 
general interest may well require that the physical phenomena discussed in this paper 
are seen to require, of necessity, the explanations I provide. Moreover, as I have 
already emphasized, because of it's uniqueness, if it fails to reproduce any established 
element of the Standard Model S-Matrix, it is necessarily wrong. 

10.6 The Theory Paradigm 

There is clearly a major rewrite of the current theory paradigm that is involved 
in my advocacy of QUD. I have not directly addressed how it could be that a very 
weak coupling massless field theory can produce Standard Model coupling scales. The 
infra-red fixed-point implies that aquo is very small (~ 1/120). While this surely 
implies small neutrino masses, it also implies that Standard Model couplings can not 
possibly be obtained via QUD evolution (although the underlying symmetry could 
produce a high-energy tendency towards unification of the Standard Model couplings 
in the QUD S-Matrix). Instead, because multi-regge S-Matrix amplitudes are selected 
by an infra-red divergence, all physical states and amplitudes contain infinite sums of 
wee gauge bosons involving anomaly color factors (that can, presumably, be expressed 
as integral formulae) that enhance all interaction strengths. This is how it is possible 
for elementary leptons to be confined while only small masses are generated by the 
strength of the underlying interaction. (The SU(3) interaction is strongly amphfied by 
both color anomaly factors and the triple-pomeron interaction.) It follows, however, 
that QUD can only be physically apphcable as an S-Matrix theory without off-shell 



48 



amplitudes. Again, as for QCD5, this is possible because of the role played by infra- 
red anomalies that appear in the process of generating on-shell physical amplitudes. 

The current theory paradigm anticipates that all physical theories are full 
quantum field theories with off-shell amplitudes in which the unification of couplings 
at short distances, via evolution, is a major ingredient. This paradigm continues to 
dominate the field even though no four-dimensional field theory has yet been shown 
to exist outside of perturbation theory (despite a millenium prize being offered for 
a proof). The existence of only an S-Matrix which is, moreover, accessible semi- 
perturbatively at infinite momentum, is a much lesser demand. Historically it has 
been demonstrated that the alternative paradigm, that particle physics is an S-Matrix 
theory [10], is both self-consistent and physically viable. It is hard, however, to imagine 
a unification with any form of quantum gravity, even though Einstein gravity could 
be induced [42]. 



In the initial stage of the construction of reggeon diagram bound states, as 
described in the last Section, the chiral symmetry of the six conventionally charged 
triplet quarks will, in lowest order, produce a large degenerate multiplicity of Gold- 
stone bosons. As the complexity of the amplitudes is built up and masses are aquired 
via the interactions, the differing quantum numbers will separate the states involving 
the various quarks that will, therefore, acquire a wide range of effective constituent 
masses. That the massless triplet quarks that appear in R are not aligned in gener- 
ations is very good for the ultimate emergence of a physically realistic particle mass 
spectrum, but it means that at first sight they appear to be very different to the 
commonly identified massive quarks of the Standard Model. Fortunately, as I will 
now argue, when the full implications of the bound-state construction are taken into 
account this is not the case. 

11.1 The Triplet Quarks and Antiquarks 

The conventionally charged quarks can be listed as follows. There are two 
"Standard Model" generations 



11. Top Quark and Jet Physics 



SU(2) doublet M (3, 1), (3,-|) = [3,2,|] e 15 



{Gl} 



SU (2) doublet ^ (3, 1), (3,-|) = [3, 2, i] e 40 



{G2} 



and also an unconventional "third generation' 
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SU(2) singlet i — > 



(3,-i) ^ [3,1,-i] e5 




e SU (2) doublet < — > (3, |) e[3,2,|] e 45*, 

Similarly, the conventionally charged antiquarks can be listed as follows. There 
are two, "almost identical generations" which, at first sight, do not look hke Standard 
Model antiquarks 

e SU(2) triplet M (3*, -|), (3*, i) e [3*, 3, -|] e 40, {AGl} 
e SU(2) triplet M (3*, -|), (3*, |) G [3*, 3, |] €45*, {AG2} 

There is also a "conventional third generation" 

SU(2) singlets o (3*, -|) = [3*, 1, -|] e 40, (3*, |) = [3*, 1, |] e 45* {AG3} 

11.2 The Top Quark 

The most remarkable feature of the quark hsting is the presence of a "top 
quark" in the "unconventional third generation" {G3}. The charge 2/3 quark forms 
an SU(2)i;, doublet with an exotic quark belonging to a set of four exotics. 



As a result, the top quark will have a physical electroweak coupling to the exotic 
quark sector which, as we noted earlier, has no chiral symmetry and so will not 
form, initially massless, bound states. Consequently, the mixing with this sector will, 
presumably, destabilize any low mass bound states involving the top quark. Before 
discussing the fate of the "bottom" quark that is also present in the unconventional 
third generation {G3}, we first discuss crucial properties of the antiquarks. 

11.3 Mixing of the Physical Antiquarks 

At first sight, the two "almost identical generations" of antiquarks, {AGl} 
and {AG2}, appear to have wrong weak interaction quantum numbers. Each pair 
is part of an SU(2) triplet containing an exotic quark that does not contribute to 
bound states. However, as elaborated in the previous Section, the 811(2)^ carried 
by the physical electroweak bosons is such that they couple only to doublet SU(2) 
fermions and so the antiquark pairs actually do have the right (singlet) quantum 



exotics 



{ 



quarks O (3, |) e[3,2,I] ^45*, (3,-|) = [3, 1, -|] e 45* 
antiquarks O (3*, -|) e [3*, 3, -§] e 40, (3*, |) e [3*, 3, |] e 45* 
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number. Moreover, although the SU(2) subgroup of the gauge symmetry is not the 
weak interaction symmetry group, it is still actively part of the full SU(5) reggeon 
interaction kernels. Consequently, the triplet quantum numbers of both antiquark 
pairs will actually result in a mixing of the two generations, {AGl} and {AG2}, in a 
manner that could produce the desired mixing of the two lowest mass generations of 
physical antiquarks. 

The quarks corresponding to the two mixed generations of antiquarks are 
determined by the initial particle/antiparticle matchings and so will not simply be 
the two "Standard Model generations", {Gl} and {G2}, listed above. Although 
the "bottom" quark which appears in the "unconventional third generation" {G3} 
has no SU(2) quantum numbers, because of the initial 24 VeV, it's antiparticle is 
a combination of the antiquark in the "conventional third generation" {AG3} and 
the second of the "almost identical generations", i.e. {AG2}. Gonsequently, the 
physical charge -1/3 quark states corresponding to the physical antiquarks that we 
have identified as forming the two lightest generations, are linear combinations of 
those in the "Standard Model generations", {Gl} and {G2}, and the "bottom" quark 
from {G3}. 

11.4 The Physical Bottom Queirk 

Assuming that the mixed antiquark generations {AGl} and {AG2} correspond 
to the physical antiquarks of the lightest mass generations, the "bottom" antiquark 
in the conventional third generation {AG3} will be the physical bottom antiquark. 
The physical bottom quark will be the corresponding antiparticle and so will also be 
a hnear combination of quarks in the "Standard Model generations" {Gl} and {G2} 
and the {G3} quark initially identified as "bottom" above. 

Consequently, even though it has no direct isodoublet partner, the physical 
bottom quark will have an isodoublet coupling to the weak interaction. An impli- 
cation of the associated generation structure of the physical quarks and antiquarks 
is that a linear combination of the physical charge -1/3 quarks has no coupling to 
the weak interaction. Obviously, it is important to determine what the experimental 
consequences of this would be. 

That the bottom quark is not part of a simple third generation forming a 
Standard Model doublet, as in the Standard Model, is possible only because of the 
different anomaly cancelation that is involved. In the underlying SU(5) theory the 
anomaly cancelation involves both sextet and octet quarks in addition to the triplet 
quarks. If there is an anomaly cancelation for the physical SU(2)i symmetry, in 
the QUD S-Matrix, then it must necessarily involve both triplet and sextet quarks. 
Therefore, it may not be surprising if, as we discuss next, a sextet resonance is sub- 
stituted for the direct top quark production that is required for anomaly cancelation 
in the Standard Model. 
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11.5 Top Production Via the tjq 

If we turn to the sextet chiral symmetry then, in addition to the "sextet pions" 
that become the longitudinal component of the electroweak vector bosons, we might 
also expect to find a sextet flavor singlet pseudoscalar, the rje, that is a Goldstone 
boson resulting from the axial U(l) symmetry. If the sextet pions are compared with 
the Standard Model Higgs scalars that give the vector bosons their masses, then the 
776 compares directly with the left-over scalar, the "Higgs", that is searched for as 
the missing element of the Standard Model. It can, therefore, be regarded as the 
answer, in the QUD S-Matrix, to the frequently repeated argument that if there is 
no Standard Model Higgs boson, then there must be something else that plays a 
similar role. The tiq plays a simiilar role to the Higgs in terms of it's relationship to 
the longitudinal components of the electroweak vector bosons. It does not, however, 
duplicate the role of the Higgs in providing general masses. 

In fact, the chirality transistions break the U(l) symmetry and, as a manifes- 
tation of this breaking, the anomalous color parity of the pomeron allows the tjq to 
mix with the flrst pomeron daughter - associated with the non-leading exchange[41] of 
a reggeized gluon. As a result, the rjQ appears only as an electroweak scale resonance 
and the daughter of the pomeron does not produce a large low energy interaction 
(that would contradict the arguments of Section 2 based on the absence of such an 
interaction between the triplet and sextet sectors). 

The mixing with the pomeron (daughter) implies that the quark component 
of the Tje will effectively be produced primarily via gluon production, just as is con- 
ventionally assumed to be the case for the Standard Model top quark. Moreover, 
the rjQ will also decay in part via pair production of the non-resonance forming top 
quark discussed above (always with anomalous wee gluons in attendance). It is nat- 
ural, therefore, to propose that the observation of a tt "threshold" at the Tevatron is 
actually the observation of the rie (i.e. the "sextet sector Higgs"). 

It is commonly argued that the (Standard Model) top quark, once produced, 
has no time to interact and form a hadronic resonance before it decays. This implies 

that, necessarily, it is directly produced. However, since it is only detected by isolat- 
ing potential final state events and eliminating backgrounds, there is no evidence for 
or against the involvement of a resonance. The appearance of a resonance at the ti 
threshold mass in the Z pair cross-section would be the first direct evidence. A key 
consequence of the involvement of the r)Q could be that, since it is a pseudoscalar car- 
rying negative parity, interference with the positive parity background would produce 
an asymmetry of the kind observed [43] by CDF. 

Both theoretically and philosophically, it would surely be attractive if an elec- 
troweak scale mass, i.e. 330 GeV, is explained as the (dynamical) mass of a sextet 
quark/antiquark bound state (implying that a sextet baryon should have a mass of 
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~ 500 GcV, as we have assumed), rather than as twice the value of a lagrangian 
parameter of the triplet quark sector. The logical paradox that the mass of a colored, 
confined, state is a well-defined physical observable, would also be avoided altogether. 

11.6 Non-Perturbative rje Decay Modes 

Since many experimental features would be similar to the conventional picture, 
another key signal could be the observation of, one or more, non-pcrturbative QCD 
decay modes for the 1]^. To discuss these decay modes, we start by exploiting the 
parallel between the {71^,71^,1]^} sextet states, corresponding to {1^^, r/e}, and 
the familiar {tt^^tt^,?]} triplet quark states. Although the width is most likely large, 
we obviously take m^g ~ ^rritop ~ 330 GeV. In this case, the relative couplings and 
masses of the vector mesons, and the photon, imply that the primary non-perturbative 
decay mode should be (in parallel with 77 — >■ tt"*" 7r~ tt*^) 

7]e W+ W- Z° (11.1) 

which, when — > bb, would give the same final state as tt. The next most significant 
mode 

776 ^ Z^ Z° (11.2) 

(in parallel with 77 — > tt'^ 7r° 7r°) should have a smaller branching ratio, because of 
the larger Z^ mass. In fact, (11.2) would be indistinguishable from (11.1) when the 
Z°'s decay hadronically, as they do most of the time. 

If the parallel between the {tt^, TTg, 775} sextet states components of {W^, Z°, r]e} 
and the {tt^, tt^, 77} triplet quark states were complete then the decay mode 

776 ^ Z° Z° (11.3) 

on which we focus in Sections 7 and 8 would parallel 77 — > 7r°7r° and so would be 
forbidden, as a non-perturbative QCD decay, by parity. However, because the final 
states are vectors and not pseudoscalars this argument does not hold. The decay can 
also proceed as an electromagnetic decay via an anomaly, in parallel with 1] — > 77. 
However, for the decay to appear as a significant component of the ZZ cross-section, 
the non-perturbative process should, presumably, dominate. 

Because the rjQ mass is so large, decay modes that necessarily require an elec- 
tromagnetic coupling, such as 

776 ^ W+W--f, Z^ Z^ ^ , ^° 7 7 , 7 7 (11-4) 

would be expected to have smaller branching ratios but should be present at some 
level. 
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11.7 Jet Physics at the Top Mass Scale 



If the top quark events are produced by the rjQ then " m^p " would be the 
sextet dynamical mass scale above which as should not evolve. In this case there 
should surely have been a jet excess at the Tevatron which, at least in part, can be 
interpreted [44] as non-evolution of as beyond Et ~" mtop "• The increasing entry 
of sextet sector states into the dynamics implies that the "excess" should continue 
to grow as Ej' increases and that there should be an enrichment of jets with Mj^i ~ 



w/z- 



As illustrated in Fig. 27, early presentations of CDF data did, indeed, have the 
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Figure 27. Early CDF data suggesting new physics appears above Et ~ mt 
(a) Run 1 measurement [44] of as (b) Run 2 preliminary jet cross-section [45]. 



interpretaton that new QCD physics is entering at E^ ~ rritop, just as I anticipate 
should be the case. Unfortunately, as is well known, more sophisticated jet algorithms 
were searched for and combined with appropriately modified gluon distributions until 
the conclusion was reached that there is no significant jet excess. 

It is interesting that Fig. 27(b) appeared in all early talks on the Run 2 jet 
cross-section, but it was excised from almost all published versions of the talks and 
also from all later talks. It was also declared that since there is no independent 
measurement of the gluon distribution above Et ~ 100 GeV, extraction of as at 
higher Et is not possible. Indeed, if such an analysis has been carried out, it has not 
been published. Of course, it can be argued that if there really is new physics in the 
QCD jet cross-section, it will eventually emerge at high-enough energy, no matter 
what jet formalism is used. So, should it show up in the LHC cross-section? This 
brings us back to the "QCD phenomenology" issue raised at the beginning of the 
paper. 
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Figure 28. Preliminary ATLAS Jet Cross-Sections Compared With QCD + 
Non-Perturbative Hadronization (a) Comparison of LO, NLO and NLO + Had 
computations (b) Full Comparison with Data (c) Comparison With Pure QCD 



It has, apparently, become accepted that it is necessary[6] for non-perturbative 
elements to be included in all applications of perturbative QCD at the LHC, As a 
result, "non-perturbative" hadronization corrections that might be obscuring large 
Et behavior due to new physics are routinely included in jet cross-section analyses. 
Fig. 28 shows an early study[46] of the LHC "QCD jet cross-section", in which an 
appropriate hadronization factor is included. It is apparent, from Fig. 28(a), that the 
hadronization effect does not disappear until very large p±. Correspondingly, if the 
pure NLO results are uniformly moved down to coincide with the data at lower p^, 
as in Fig. 28(c), it appears that, in fact, an excess above p± ~ rritop does emerge just 
as in Fig. 28(b), even though the data that is used is preliminary and has very large 
errors. 

It is essential to emphasize that, without an understanding of the interplay 
between confinement and perturbation theory, there can not be a fundamental basis 
for computing non-perturbative corrections to jet cross-sections. The "parton model" 
assumptions used in such an endeavor go way beyond the realm of proven factorization 
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theorems. Consequently, to study jet physics in a manner that could, potentially, 
discover new QCD physics, it is essential to have a formalism in which a generalized 
(Feynman) parton model is derived simultaneously with confinement. This is what 
is promised by QUD. 

That the BFKL pomeron is absent and that, instead, the pomeron is domi- 
nated by small p± physics, implies that the corrections to leading-order perturbative 
results will be correspondingly different. In particular, small p± high multiplicity 
states will be much more important. As a result, it may very well be that new QCD 
physics will show up very obviously when Et > rritop- This could be the case, not 
only in all jet cross-sections, but also in all cross-sections involving both jets and 
electroweak vector bosons. 
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